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THE SYNTHESES OF SUGARS FROM SMALLER FRAGMENTS 
PART X. SYNTHESIS OF L-GLUCOHEPTULOSE' 


By J. K. N. JoNngEs? AND R. B. KELLy? 


ABSTRACT 


L-Glucoheptulose has been prepared by the action of muscle aldolase on a 
mixture of L-erythrose and hexose diphosphate. 


INTRODUCTION 


In a previous communication (1) it was shown that propionaldehyde and 
hexose diphosphate together with a crude pea aldolase extract yielded 5,6- 
didesoxy-D-fructose. We now show that L-erythrose and hexose diphosphate 
with crystalline muscle aldolase yield L-glucoheptulose phosphate from which 
the free sugar was prepared. It had been demonstrated previously (2) that if 
L-erythrose is replaced by its optical isomer, D-sedoheptulose phosphate re- 
sulted. We have confirmed this observation. These are further examples of the 
rule that aldolase of plant or animal origins will transfer dihydroxyacetone 
phosphate from hexose diphosphate to an aldehyde with the formation of a 
derivative of D-threopentulose. 

In experiments with crude pea aldolase preparations it was observed that 
L-erythrose condensed with hexose diphosphate with the formation of small 
amounts of a heptulose sugar which was identified chromatographically (cf. 4) 
as gluco-heptulose. Further work with a purer enzyme preparation will be 
required before this sugar can be positively identified. 


EXPERIMENTAL 


Crude pea aldolase was prepared according to the method of Hough and 
Jones (3). The crystalline muscle aldolase was supplied by Nutritional Bio- 
chemical Corporation. 

Erythrose and threose were prepared by Ruff degradation (6) of the corre- 
sponding calcium arabonates and xylonates according to the method of Over- 
end, Stacey, and Wiggins (5). 

IR 120 resin and IR 4B resins were purified before use. The former was 
treated with ammonia, washed with water, and then treated with 2 N hydro- 
chloric acid and again washed with water until the washings were neutral. 

1Manuscript received October 18, 1955. 
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The latter was treated with 2 N sodium hydroxide, washed with water, and 
then converted to the acetate form before use by reaction with 8 N acetic acid. 


Preparation of L-Glucoheptulose 

A solution of the sodium salt of hexose diphosphate (5.0 gm.) and L-erythrose 
(2.5 gm.) in water (80 ml.) was adjusted by addition of acetic acid to a pH of 
6.8. Dialyzed muscle aldolase (100 mgm.) in water (20 ml.) was added and the 
solution incubated first at room temperature for four hours and then at 37°C. 
for 14 hr. Sulphuric acid (100 ml., 2 N) was then added and the solution heated 
briefly at 80°C. to coagulate protein. After filtration the solution was boiled 
for three and a half hours, cooled, and neutralized with barium carbonate. 
Precipitated inorganic material was removed by filtration and the filtrate 
deionized on IR 120 and IR 4B acetate resins. Concentration of the resultant 
neutral solution gave a resin (1.7 gm.) which contained a heptulose sugar con- 
taminated with traces of fructose (paper chromatography). After treatment 
with charcoal, the sirup crystallized from alcohol to yield L-gluco-heptulose 
(400 mgm.) with m.p. 171-173°C. (not depressed on admixture with an 
authentic sample) and [a]p — 65° (c, 1.0 in water). The powdered crystals gave 
an X-ray diffraction pattern identical with that of an authentic specimen, 
kindly supplied by Dr. N. K. Richtmyer. 


Preparation of Sedoheptulosan 


The sodium salt of hexose diphosphate (6.0 gm.) in water (50 ml.) was added 
to a solution of D-erythrose (3.2 gm.) in water (30 ml.). The resulting solution 
was adjusted by addition of acetic acid to a pH of 6.8. A dialyzed solution of 
muscle aldolase (100 mgm.) in water (20 ml.) was added and the solution 
incubated at 25°C. for four hours and then at 37°C. for 14 hr. The solution was 
then heated briefly to 80°C. to coagulate protein and filtered. Sulphuric acid 
(100 ml. 2 NV) was added and the solution boiled for three hours. The cooled 
solution was then made alkaline by addition of barium hydroxide, solids were 
removed by filtration, and the filtrate was boiled for two and a half hours. 
The cooled solution was neutralized with dilute sulphuric acid, filtered, and the 
filtrate concentrated. The concentrate was deionized on IR 120 and IR 4B 
resins and the neutral solution decolorized with charcoal. Concentration of the 
filtrate gave a sirup which crystallized from 95% alcohol furnishing sedohep- 
tulosan liydrate (520 mgm.). Recrystallization from methanol gave the pure 
sugar, m.p. 93°C. with [a]lp —130° (c, 18.5 in water). The material did not 
depress the melting point of an authentic sample, kindly supplied by Dr. N. K. 
Richtmyer; the two samples were indistinguishable on paper chromatograms. 
The powdered crystals gave an X-ray diffraction pattern identical with that of 
an authentic specimen. 


Incubation of L-Erythrose with Hexose Diphosphate 

A solution of L-erythrose (4.0 gm.) in water (25 ml.) was added to a solution 
of hexose diphosphate (sodium salt, 8 gm.) in water (40 ml.), the pH of the 
solution was adjusted to 6.8 by the addition of acetic acid, and to this solution 
was added a solution of pea aldolase (100 ml. from 100 gm. seed). The solution 
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was incubated at 37°C. for 14 hr. The pH was then adjusted to 5 (acetic acid) 
and the solution was heated briefly at 80°C. to coagulate protein. The precipi- 
tate was removed on the centrifuge and the supernatant solution was then 
passed down a column of IR 120 resin. The acidic solution was concentrated 
to 50 ml. and then boiled for two hours. The cooled solution was passed down 
a column of IR 4B resin and the neutral effluent concentrated to a sirup 
(1.12 gm.). The sirup contained heptulose which was separated on a column 
of cellulose using butan-2-ol-water (10:1) as solvent. The heptulose fraction 
was contaminated with fructose. Further purification was effected by chroma- 
tography on sheets of Whatman No. 1 paper using ethyl acetate — acetic 
acid — formic acid —- water (4:3:1:4) as solvent. Elution of the appropriate 
section of the paper gave a sirupy heptulose (100 mgm.) which failed to crystal- 
lize. It yielded an osazore, m.p. 202-203°C. (sintering at 197°C.) with [a]p 
—35° (c, 5.6 in pyridine alcohol 2:3). Anal.: Calc. for CisHaN.Os: C, 60.3; 
H, 6.2. Found: C, 59.9, H, 6.1. The osazone of D-glucoheptulose has m.p. 
194-196°C. (sintering at 187°C.) with [a]p +36°; that of D-mannoheptulose 
has m.p. 193-196°C. (sintering at 190°) with [a]p +36° (solvent as above). 

Unfortunately well-defined X-ray diffraction patterns of the osazones could 
not be obtained. The rate of movement of the sugar was close to that of gluco- 
heptulose and mannoheptulose in several solvent systems. It could be differen- 
tiated from all other heptuloses except alloheptulose, no specimen of which 
was available. 

The authors thank the National Research Council for financial assistance 
and for the award of a Postdoctorate Fellowship to one of them (R. B. K.). 
They also thank Dr. N. K. Richtmyer for the generous gift of heptulose 
samples. 
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ORGANIC DEUTERIUM COMPOUNDS 
XIV. PREPARATION OF DEUTERATED METHYL BENZENES' 


By R. RENAUD AND L. C. LEITCH 


ABSTRACT 


The synthesis of toluene-a-d;, o-chlorotoluene-a-d;, and m-xylene-a,a’-ds 
from benzotrichloride, o-chlorobenzotrichloride, and a,a’ hexachloro-m-xylene 
respectively is reported using zinc and acetic acid-d as the dechlorinating agent. 
The preparation of acetic acid-d of optimum isotopic purity is described. 


The reduction of alkyl halides with zinc and acetic acid-d has been recom- 
mended by Schissler, Thompson, and Turkevich (4) for the preparation of 
deuterated methanes, ethanes, and propanes in preference to the hydrolysis of 
Grignard reagents with deuterium oxide, or else dehalogenation of halides with 
lithium aluminum deuteride or zinc and methanol-d. Their method has now 
been extended successfully to the preparation of methyl benzenes deuterated 
in the side chain. 

According to the literature (1) benzotrichloride reacts with zinc, alone or in 
the presence of ether, to give tolane dichloride; toluene has never been reported 
to be a product of this reaction. Preliminary experiments using zinc dust and 
acetic acid in ether also gave predominantly tolane dichloride but traces of 
toluene as well. As a result of several experiments in which the effect of tem- 
perature, order of adding the reagents, and ratio of acid to halide were studied, 
a procedure was developed which consistently gave 70 to 80% yields of toluene. 
It consists in adding benzotrichloride slowly to a stirred suspension of zinc 
dust and acetic acid in absolute ether while keeping the temperature of the 
reaction mixture below +4°C. Under these conditions little if any tolane 
dichloride is formed. These experiments indicated that this reaction would be 
satisfactory for the preparation of deuteromethyl benzenes. 


TABLE I 








Deuterium content of toluene-a-d; 


Mol. % Mol. % Mol. % At. Y 
CsH;CD; C.H;CHD: C.H;CH:D D 





Source of acetic acid-d 





1. Acetic, anhydride 66.1 29.2 4.7 87.0 
2. Freshly distilled acetic 

anhydride 79.7 18.7 1.6 92.6 
3. Acetic anhydride distilled 

over M 82.9 15.8 1.3 93.3 
4. Acetyl chloride redistilled 89.5 10.5 _ 96.5 
5. Acetyl chloride distilled 

over CsHsN Mez 95.6 4.1 0.3 98.5 
6 6.5 70.5 


. Silver acetate +DBr 39.3 41.5 1 





The preparation of toluene-a-d; therefore depended upon obtaining acetic 
acid-d of high isotopic purity. With acetic acid-d prepared by the hydrolysis of 
1Manuscript received October 14, 1956. 
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freshly distilled acetic anhydride with deuterium oxide (99.6%) the deuterium 
content of the toluene was unexpectedly low as shown in the figures for 
experiment 2 in Table I. A slight improvement was evident using acetic an- 
hydride that had been refluxed with magnesium turnings for two days before 
distillation. Acetic acid-d prepared by hydrolyzing redistilled acetyl chloride 
gave still better results. Toluene-a-d; of optimum purity was obtained from 
acetic acid-d which had been prepared by distilling acetyl chloride over di- 
methylaniline and hydrolyzing it with deuterium oxide. The dimethylaniline 
evidently combines with traces of dissolved hydrogen chloride in the acetyl 
chloride. With trifluoroacetic acid-d the yields of toluene were very poor and 
the isotopic purity was low. Acetic acid-d prepared by decomposing anhydrous 
silver acetate with deuterium bromide likewise gave a product of low deu- 
terium content. 

The same reaction was used to prepare o-chlorotoluene and m-xylene deuter- 
ated in the methyl groups and can probably be extended to the preparation of 
other related compounds if the required chloro derivatives are available. In 
this connection o-xylene deuterated in the methyl groups could probably not be 
prepared with a high deuterium content because in the chlorination of o-xylene 
by the method of Miller (5) the maximum number of chlorine atoms that can 
be introduced in the side chains is five, further substitution occurring in the 
ring. 

In view of the high m-orienting capacity of the trichloromethyl group it is 
possible that the procedure just described may afford a new route to m-sub- 
stituted derivatives of toluene which are at present accessible with difficulty. 
This aspect of the work is currently under investigation. 

With respect to the mechanism of the reaction the formation of tolane di- 
chloride would at first lead one to believe it is homolytic: 


C.H;CCl; + Zn > C,H,CCl. + ZnCl 


"2C.HCCl: — CsHsCCILCCICH; 


Zn 
CsH;CCI:CCI.C.Hs — CsHsCCI=CCIC.H,. 


Toluene would be formed by attack of the dichlorobenzyl radical on acetic 
acid: 
C.H,CCl.+CH;sCOOH — C.H,CHClhe+CH;COO 


CH;COO +ZnCl — ZnCl(OOCCH;). 


However, Kharasch has established that succinic acid is the chief product of 
the decomposition of acyl peroxides in acetic acid (2), i.e. the free radical ini- 
tially formed by decomposition of the peroxide abstracts hydrogen from the 
methyl group of the acetic acid to give a new free radical, CH2COOH, which 
dimerizes to succinic acid. Consequently benzotrichloride and acetic acid-d 
should give ordinary toluene and succinic acid it the homolytic mechanism is 
correct. That is apparently not the case 








100 CANADIAN JOURNAL OF CHEMISTRY. VOL. 34, 1956 


An alternative mechanism, which proceeds via an organometallic intermedi- 
ate, may be written thus: 
CeHsCCls + Zn — CoHsCCleZnCl 
CeH,CCI:ZnCl + CH;COOD — C,H;CCIl2D + ZnCl(OOCCH;). 


It would be related to the mechanism proposed by Miller and Nord (3) for the 
Reformatsky reaction: 


ci- cr 
=. Zn : RCOCH; 
ci...C*COOC;H, —> CiZn....C*—COOCG:H, — 
qi e+ 
- . 
R—C—CC1,CO,C:H; —)> “ie saaenen 
H; CH; 


Ethyl acetate is formed as a by-product in Reformatsky syntheses by reaction 
of the enol form of the ketone with the organometallic complex: 


RC=CH; 
H 
CiZn- - -CH;CO;C:H; =< C1ZnOH +CH;CO.C3Hs. 


EXPERIMENTAL 

Toluene 

In a 500 ml. four-necked round-bottomed flask equipped with a reflux 
condenser, a thermometer, a separatory funnel, and a stirrer with a thick glass 
blade (Tru-bor) were placed 200 ml. of anhydrous ether, 45 ml. of glacial acetic 
acid, and 30 gm. of zinc dust. While the stirred suspension of the zinc in the 
ether was kept at +3°C. by immersion of the flask in a bath of ice water, 
benzotrichloride (19.6 gm., 0.1 mole) dissolved in 100 ml. of ether was added 
over a period of four hours; stirring was continued for three hours longer. 
Water (200 ml.) was then added and the mixture was filtered through a wad 
of glass wool in a filter funnel. The ether layer was washed three times with 
100-ml. portions of water, once with 10% aqueous sodium bicarbonate, and 
finally with water again. The ether solution was then dried over calcium 
chloride and distilled. The residue was distilled through a U-tube containing 
pellets of potassium hydroxide on the vacuum line. The distillate was frac- 
tionated through a Stedman column (12 in. X# in.). The main fraction, b.p. 
110°C., 23° 1.4962, amounted to 7.8 ml. (78% of the theoretical amount). For 
pure toluene 29 is 1.49624. 


Acetic Acid-d 

(a) From (CH;CO), and D.O 

The preparation was carried out on a vacuum manifold. A mixture of 35 gm. 
of acetic anhydride, 1.0 gm. of zinc dust, 1 ml. of carbon tetrachloride, and a 
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trace of phosphorus pentoxide in a round-bottomed flask attached through a 
reflux condenser to a Stock trap to the vacuum manifold was stirred for three 
hours. Any water or acetic acid present reacts with the zinc and halide to give 
methane. Deuterium oxide (7.4 ml., 99.6%) was then added to the anhydride 
and the mixture was stirred at 60°C. for two hours, then overnight at room 
temperature. The acetic acid-d was distilled into the Stock trap, which was 
cooled to — 50°C. by dry ice and acetone, while the manifoid was continuously 
evacuated. Yield: 97.2%. 


(b) From CH;COCI and D:O 


Acetyl chloride (60 ml.), redistilled over 10 ml. of dimethylaniline to remove 
dissolved hydrogen chloride, was treated with 5 ml. of dimethylaniline in a 
round-bottomed flask attached to a vacuum manifold. The solution was stirred 
for two hours. The acetyl chloride was then distilled into a round-bottomed 
flask under a cold finger condenser attached to the line through a Stock trap 
by placing dry ice into the finger after the line was evacuated. Deuterium oxide 
(14.7 ml., 99.6%) was added slowly from a funnel to the acetyl chloride while 
the mixture was stirred with a bar magnet. The deuterium chloride evolved 
was allowed to escape but if desired it could be condensed on the manifold in a 
trap cooled by liquid nitrogen. The reaction mixture was stirred for two hours 
after the deuterium oxide was added. When the line was continuously evacu- 
ated while the Stock trap was cooled in dry ice and acetone to —50°C., the 
acetic acid-d distilled over practically free of dissolved deuterium chloride. The 
yield was nearly theoretical. 


Toluene-a-d3 

Deuterated toluene was prepared from each sample of acetic acid-d as 
described in the preparation of the normal hydrocarbon using dry equipment 
and ether dried over sodium. The deuterium content of each sample of toluene 
is shown in Table I. The best sample of toluene-a-d; was prepared from 
acetic acid-d obtained by hydrolysis of the chloride. For this material, #29 is 
1.4953. 


o-Chlorotoluene-a-d; 


This compound was prepared from o-chlorobenzotrichloride exactly as 
described for the preparation of the parent compound. 


a,a’-Hexachloro-m-xylene 
This compound was prepared as described by Miller (5) by the chlorination 
of m-xylene exposed in a quartz tube to ultraviolet light. 


m-X ylene-a,a'-d¢ 

The hexachloro-m-xylene (31.3 gm.) was dechlorinated as described for 
benzotrichloride using 65.7 gm. of acetic acid-d prepared by the hydrolysis of 
acetyl chloride with deuterium oxide and 55 gm. of zinc dust. The yield of 
product, 2% 1.4934, was 63%. The mass analysis indicated 94 mol. % 
CeH.(CDs)2. 
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THE REACTIONS OF TRIFLUOROMETHYL RADICALS WITH 
PROPANE, n-BUTANE, AND ISOBUTANE! 


By P. B. AyscouGH? AND E. W. R. STEACIE 


ABSTRACT 


A study of the reactions of trifluoromethyl] radicals, produced by the photo- 
lysis of hexafluoroacetone, with propane, n-butane, and isobutane has been made. 
The rate constants of the hydrogen-abstraction reactions have been determined 
at temperatures between 27°C. and 119°C. and the activation energies found to 
be 6.5+0.5, 5.140.3, and 4.7+0.3 kcal./mole respectively. These values are 
compared with those obtained for the reactions with methane and ethane, and 
with the corresponding reactions of methy] radicals. 


INTRODUCTION 


Hexafluoroacetone has been shown to yield trifluoromethyl] radicals and 
carbon monoxide when irradiated with ultraviolet fight in the temperature 
range 25° to 300°C. The reactions of these radicals with methane and ethane 
have already been described (3), and the rate constant for their dimerization 
has been determined (1). This paper describes a further extension of this work 
in which more complex hydrocarbons were used. It is now possible to make a 
more detailed comparison of the rates of abstraction of hydrogen atoms from 
hydrocarbons by trifluoromethyl radicals with the rates of the corresponding 
reactions of alkyl radicals. 

EXPERIMENTAL 


The apparatus was described in the earlier paper (3) and the only significant 
modification was the illumination of the whole volume of the cell since the 
lower temperatures used eliminated any possibility of reaction of the radicals 
with the walls of the vessel. In order to achieve a higher radical concentration 
some of the experiments on propane and all of those with the butanes were 
made using the total illumination from the B.T.H. high-pressure mercury 
lamp. The same sample of hexafluoroacetone was used as before, and the hydro- 
carbons were again Phillips research grade, distilled before use in the vacuum 
system and degassed in the usual way. The analytical procedure was essentially 
the same, except that in this work the carbon monoxide and the fluorocarbons 
were separated completely from the hydrocarbons by distillation in Ward 
stills. Mass-spectrometric and infrared spectrophotometric analysis was used 
to determine the hexafluoroethane/fluoroform ratios (2). 


RESULTS AND DISCUSSION 


Fluoroform is a major product when hexafluoroacetone is photolyzed in the 
presence of hydrocarbons, and in the case of reactions with propane and butane 
the hydrogen-abstraction is so rapid that even at room temperature the fluoro- 

1\Manuscript received September 30, 1956. 

Contribution from the Division of Pure Chemistry, National Research Council, Ottawa, Canada. 
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form/hexafluoroethane ratio is undesirably high. The accuracy of the analyses 
is therefore reduced and the usable temperature range restricted, even at high 
radical concentrations which favor the formation of hexafluoroethane. 

The proposed reaction scheme is as follows: 


CF;COCF;+hv — 2CF;+CO [1] 
2CF; — C.F. [2] 
CF;+RH — CF;H+R [3] 
CF;+R —CF;R [4] 
2R—R, [5] 


where RH is propane, n-butane, or isobutane. The products were not examined 
for compounds of the type CF;R because these were present in a very small 
amount compared with the residual hexafluoroacetone and could not have been 
identified with any assurance. Some hexane was identified however when 
propane was the substrate, and since ethane and 1,1,1-trifluoroethane had 














TABLE I 
REACTIONS OF CF; WITH HYDROCARBONS 
Products 
Temp. Press. Press. Time (moles/sec. X 10!) ks/ kat x10" 
(°K.) CF;COCF; RH (sec.) (molecules~4cc.4sec.-4) 
(mm.) (mm.) CF. CF;H 
RH = propane 
300 §1.7 25.2 8400 0.116 1.31 2.68 
312 50.4 23.7 9000 0.217 1.92 3.32 
324.5 26.2 29.7 7200 0.130 2.86 5.10 
328 49.7 25.8 9000 0.149 2.62 5.04 
340 28.3 20.2 7800 0.406 5.15 7.90 
359 51.0 14.0 3840 3.72 21.0 16.3 
372.5 38.7 20.5 3000 1.57 20.8 rie 
372.5 25.8 24.6 3600 0.74 17.8 18.2 
392 30.2 15.7 3300 1.92 38.2 40.0 
RH = n-butane 
302 50.1 22.9 2400 2.20 16.2 8.35 
306 50.4 17.6 2400 2.37 15.6 10.3 
314.5 47.5 21.0 2400 1.45 15.1 10.95 
327 45.6 21.2 1800 3.90 30.6 13.95 
337.5 52.7 17.3 1800 4.62 37 .6 19.9 
348 51.7 21.3 1800 §.31 54.1 22.4 
356 51.3 18.6 1500 8.00 71.4 28.2 
365.5 51.0 17.8 1200 8.87 83.1 33.4 
RH = isobutane 
301 50.7 20.1 2400 0.450 11.2 15.6 
302.5 51.5 18.3 2400 0.482 11.96 16.5 
313 49.3 17.4 1200 0.587 16.3 22 .3 
318.5 50.5 12.4 1860 1.39 20.7 26.3 
329 52.0 15.8 2400 1.69 39.9 30.2 
338 50.0 17.5 1800 0.846 30.9 37.9 
349 51.8 17.6 1110 1.88 §2.7 44.4 
357 51.3 12.8 1590 8.36 97.0 54.5 
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been detected in the earlier experiments with methane, and butane in the pro- 
ducts of experiments with ethane as substrate it seems reasonable to assume 
the same general mechanism for all these hydrocarbons. The rate constants 
derived for the reactions [3] would not in any case be affected by the fate of 
the alkyl radicals unless there was built up an appreciable concentration of 
some other product which produced fluoroform at a rate comparable with 
reaction [3]. We have therefore calculated the rate constants from the following 
relation, derived in the usual way: 


k3/k2t = rate CF;H/[(rate C2F.)? (RH)]. 


The reaction volume was assumed to be the cell volume (190 ml.). The results 
are presented in Table I, and Arrhenius plots are shown in Fig. 1. The activa- 
tion energy for the reaction of trifluoromethyl radicals with propane was found 
to be 6.50.5 kcal./mole, for reaction with m-butane 5.10.3 kcal./mole, and 
for reaction with isobutane 4.7+0.3 kcal./mole, all about 2-3 kcal. less than 
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the corresponding reactions of methyl radicals. This difference was noted in 
the case of reactions with methane and ethane (3), and in view of the work on 
the dimerization of trifluoromethyi radicals (1) it is certain that this difference 
is real and is not the result of a difference in activation energies for the radical 
recombination reactions. 

In Table II the reactions of methyl and of trifluoromethyl radicals with 
hydrocarbons are compared. The steric factors have been calculated assuming 











TABLE II 
RATE OF HYDROGEN-ABSTRACTION FROM HYDROCARBONS 
Rate constants Steric Activation Rate constant 
ks/k24 X101* factors energy ksX108 
Reaction (400°K.) P;/P4 (kcal. / (400°K.) Ref. 
(cc.4 molecule-4 sec.~4) (400°K.) mole) (cc. molecule=! sec.~!) 

CH;+CH, 0.029 14 0.017 5,9 
+C:H. 0.83 6X10-4 11.4 0.49 9, 10 
+C;3Hs _ 4X10-* 9.9 — 4 
+n-C,Hio 5.8 3X10-* 8.3 3.42 9, 10 
+iso-C,H; 12.6 3X10-* 7.6 7.43 7, 9, 10 

CF; +CH, 3.5 6X10-? 10.340.5 2.19 3 

9.542 6 
+C:2He. 104 6X10-? 7.5+0.5 65 3 
+C;3Hs 418 6X10-? 6.5+0.5 261 This paper 
+n-C,Hio 631 2X10-? 5.1+0.3 395 This paper 

5.5+1 6 
+iso-C,Hio 1010 2X10-? 4.7+40.3 631 This paper 





*k; refers to the abstraction reaction, kz to the radical recombination reaction in each case. 


the following collision diameters: CH3;, 3.5 A; CF;, 4.0 A; CH,, 3.5 A; C2He, 
4.5 A; C3Hs, 5.2 A; n-CaHio, 5.9 A; iso-CyHio, 5.8 A. The activation energies 
given assume zero activation energy for the radical recombination reactions. 
In order to calculate the absolute rate constants, k4o00x., we have used the values 
3.5 X 10—!! cm.* molecule! sec.—! for the recombination of methyl radicals (8), 
and 3.9X 107"! cm.’ molecule“! sec.—! for the recombination of trifluoromethyl 
radicals (1). There are some difficulties about the values for methyl radical 
reactions in Table II. A number of investigations, and particularly unpublished 
work by Kutschke and Whiteway (4), indicate that the value for the activation 
energy of CD;+CD;COCD,; is higher than that previously reported (10). As 
a result the value for ethane (10) is too low, and has been corrected from 10.4 
to 11.4 kcal. The value for C;Hg includes this correction. There is thus some 
inconsistency between the values for propane and those for 1- and iso-butane. 
The latter compounds were investigated by a non-isotopic method, however, 
and are free from errors involving the reaction of CD; with CD;COCDs3. Asa 
result, until further work is done, there are uncertainties of the order of 1 kcal. 
in the values of activation energies for methyl radical reactions. The values of 
the rate constants at 400°K. are, however, affected very little by these uncer- 
tainties. Table II also shows for comparison some recent values obtained by 








; 
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Pritchard, Pritchard, and Trotman-Dickenson (6), using CF; radicals from 
the photolysis of hexafluoroazomethane. There is complete agreement between 
these values and those obtained with hexafluoroacetone. It will be seen from 
Table II that the abstraction of hydrogen from hydrocarbons by CF; radicals 
is about 100 times faster than the corresponding reaction of methyl radicals at 
400°K. The activation energies for CFs; reactions are 2-3 kcal. smaller than 
those for CHs. 
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THE POLYMERIZATION OF STYRENE IN THE PRESENCE OF 
a- AND §-BROMOSTYRENE! 


By M. H. Jones 


ABSTRACT 


A study of the polymerization of styrene in the presence of either a- or A- 
bromostyrene at 45°C. and 70°C. has shown that copolymerization does not 
occur. From the variation of molecular weight and rate of polymerization with 
bromostyrene concentration it is concluded that the bromostyrenes behave 
essentially as efficient transfer agents. 


INTRODUCTION 


The bromination of polystyrene in solution, both photochemically and ther- 
mally, is accompanied by some degradation and there is evidence that the 
resultant polymer may contain olefinic bonds in the carbon chain due to the 
concomitant elimination of hydrogen bromide (6). As an alternative means 
of preparing polystyrenes containing aliphatic bromine atoms for use as poly- 
radical sources in grafting experiments (5, 6), an attempt has been made to 
copolymerize styrene with a- or 8-bromostyrene. This would permit a close 
control of the position and frequency of the bromine atoms in the polymer 
backbone and would avoid the disadvantages resulting from the direct bro- 
mination method. 

Although the aliphatic bromostyrenes do not polymerize by a radical 
mechanism alone (7, 11), it was considered that they may take part in a 
copolymerization reaction if the principal cause of their low reactivity is steric 
hindrance imparted by the bulky bromine atom. This is expected to be less in 
a transition state involving only one species containing a bromine atom ad- 
jacent to the reaction center, as in the unsymmetrical propagation step of 
a copolymerization reaction, than in the normal polymerization involving 
two species containing bromine atoms. However, in experiments at 45°C. and 
70°C., no evidence of copolymerization was obtained and the bromostyrenes 
appeared to behave as efficient transfer agents. 


EXPERIMENTAL 

Materials 

Styrene (Eastman Kodak Practical Grade) was shaken with a 10% sodium 
hvdroxide solution to remove the inhibitor, washed with distilled water, and 
dried over auhvdrous calcium chloride It was distilled under reduced pressure 
in a stream of nitrogen and the middle fraction, b.p. 51.3°C. at 27 mm. pressure, 
was used for the polymerization experiments. Prior to use, the monomer. was 
given a bulb-to-bulb distillation in vacuum. 

a-Bromostyrene was prepared by the elimination of hydrogen bromide from 
styrene dibromide Stvrene dibromide (0.1 mole) was shaken for 20 min. with 


Manuscrip: recewed ‘Ictober 11, 1955 , 
Jontripution from the Department of Chemistry Ontario Research Founrdatson, Toron'o 5, 
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100 cc. of a 20% solution of potassium hydroxide in ethanol, the temperature 
being maintained below 20°C. The reaction mixture was poured into a large 
excess of ice-cold water and the oil separated and dried over anhydrous sodium 
sulphate. The product was distilled under reduced pressure in a stream of 
nitrogen, second fraction b.p. 77.0-77.2°C. at 9 mm.; 22-5 1.5868. The condi- 
tions described by Ashworth and Burkhardt (1) yielded a product consisting 
principally of phenyl acetylene. 

8-Bromostyrene (Eastman Kodak Practical Grade) was purified in a similar 
manner to the a-compound, b.p. 85.0-85.1°C. at 7 mm.; 222-5 1.6063. As both 
the bromostyrenes were found to be sensitive to atmospheric oxidation, 
particularly the a-isomer, they were sealed in ampoules under vacuum and 
stored at —5°C. 

a,a’-Azo-bis-isobutyronitrile was recrystallized twice from ethanol in the 
temperature range 30°-0°C. and dried under vacuum. 


Procedures 

Reaction mixtures of styrene and the required bromostyrene were thoroughly 
degassed on a high vacuum line and sealed in pyrex vessels at a pressure of 
10-*-10-* mm. For experiments at 45°C., 1.0 gm./liter of a,a’-azo-bis-iso- 
butyronitrile was used as initiator and the reactions were followed dilato- 
metrically. The volume contraction — time curves were linear and the rates 
recorded in Table I were calculated on the assumption that polystyrene is the 


TABLE I 


POLYMERIZATION OF STYRENE WITH a- AND 8B-BROMOSTYRENE AT 45°C. 
1.0 gm. /liter of a,a’-azo-bis-isobutyronitrile used as initiator 











Rate. 107 
Expt. Bromo- {Styrene]," [Bromostyrene] Rate. 107 vol. polymer [n]es°c., M, 
No. styrene moles 1.~! [Styrene] contraction, recovered, di. gm.~! 


moles |.—! sec.~ moles 1.~' sec. 





2 — 8.49 — 142 128 1.72 425,000 
13 @ 7.98 0. 5.6 

5 a 6.07 0.353 5.5 0.3 
14 B 7.98 0.061 115 110 0.182 9,000 
1 B 6.79 0.224 83 54 0.110 4,500 
3 6 4.25 0.893 17 7.4 

4 B 1.82 3.23 3.9 0.1 





only product of polymerization and that no copolymerization occurs. Using 
the data of Patnode and Scheiber (9) for the densities of monomer and polymer 
respectively, a contraction in volume of 15.4% at 45°C. corresponds to 100% 
polymerization. In all cases, conversions were limited to less than 7°%. The 
polymer was recovered by precipitation in a 30-40 volume excess of methanol, 
filtered, and dried to constant weight in vacuum at room temperature. The 
rates of polymerization at 45°C. and 70°C. were also determined from the 
weights of polymer recovered in this way. 

Intrinsic viscosities were measured in benzene solution at 25°C using a 
modified Ubbelohde type viscometer incorporating a bulb to permit dilution 
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of the solutions im situ. No kinetic energy corrections were applied to the flow 
times as they were found to be less than 1%. 


RESULTS AND DISCUSSION 


The rates of polymerization for various styrene-bromostyrene compositions 
are recorded in Tables I and II together with the intrinsic viscosities of the 


TABLE II 


POLYMERIZATION OF STYRENE WITH a- AND §-BROMOSTYRENE AT 70°C. 
No initiator used 











Expt. Bromo- [Styrene], [Bromostyrene] ke. 10’, In]es°c., M, 
No. _ styrene moles |.-! [Styrene] 1. moles sec.-! — dil. gm.7! 
10 _ 8.29 _ 0.875 3.26 740,000 
18 a 8.18 0.012 0.103 0.166 8,000 
17 a 7.78 0.059 0.040 0.087 3,000 
6 a 5.53 0.448 0.030 
7 a 3.11 1.49 <0.005 
19 B 8.18 0.012 0.715 41,000 
12 B 7.78 0.060 0.760 0.172 8,500 
8 B 5.53 0.441 0.785 0.095 3,500 
9 B 3.il 1.47 0.030 





products obtained. The molecular weights given in the last columns of these 
tables were calculated from the intrinsic viscosity — molecular weight relation- 


ship suggested by Pepper (10) for unfractionated polystyrenes in the molecular 
weight range 2.10*-2.108, 


i.e. [9] = 4.387.104 M,°-®. 


Microanalyses of the products from reactions with high bromostyrene con- 
centrations showed that they may contain as much as 4.5% bromine. However, 
the ultraviolet absorption curve of the polymer from experiment No. 8 had 
peaks at 2850 A and 2950 A which occur in the absorption spectrum of 6- 
bromostyrene but are not present in those of either polystyrene or a brominated 
polystyrene prepared by direct bromination. Assuming the product to be a 
mixture of polystyrene and 8-bromostyrene, the percentage composition of the 
latter was determined from the optical densities at various wave lengths in the 
region 2550-2950 A. The analyses were constant within the experimental 
accuracy and were in good agreement with the value obtained from the micro- 
analysis for bromine. Two reprecipitations of the polymer from benzene solu- 
tion in methanol reduced the absorption attributed to the bromostyrene by a 
factor of two. That there can be incomplete separation of the polymer and 
bromostyrene by precipitation was demonstrated by a blank experiment in 
which a sample of pure polystvrene was recovered and dried in the normal way 
from a benzene solution containing 20% 8-bromostyrene. The presence of the 
bromo compound was detected in the ultraviolet spectrum of the product. 
Although the bromostyrenes are soluble in methanol they are insoluble in 
solutions containing more than 5-10% water Presumably condensation of 
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atmospheric water vapor during filtration of the polymer under reduced 
pressure precipitates the bromostyrene which is then absorbed on the polymer. 
Because of its very low vapor pressure, it will not be completely removed when 
dried under vacuum at room temperature. 

From the spectra of the products from experiments Nos. 1 and 8 it has been 
estimated that the true bromine contents are less than 0.7% and, consequently, 
there cannot be more than one bromostyrene unit in 110 units of the polymer 
chain, that is, ina molecular weight of approximately 11,000. As the molecular 
weights of these polymers from viscosity measurements are 4500 and 3500 
respectively, they must contain less than one bromine atom per molecule. 
The bromine contents of the products from reactions with low bromostyrene 
concentrations, in which there was less contamination of the polymer by 
bromostyrene, were also lower than the requirement for one bromine atom per 
molecule. There is, therefore, no evidence that copolymerization occurs. 

The rapid fall in molecular weight with increasing bromostyrene concentra- 
tion, both for polymerizations at 45°C. and 70°C., suggests that the growing 
polymer radicals terminate by one or both of the following mechanisms. 

(1) The addition of a bromostyrene molecule to a growing polymer chain 
produces a radical with a low reactivity towards propagation, 


M. 4 + B— M,B 
Active Inactive 


termination occurring by. mutual interaction with a polystyrene radical or 
another of its own kind. 
(2) The bromostyrenes act as efficient transfer agents, 


M.+B—>M,+B. 


With the catalyzed reactions at 45°C., where the rate of initiation is constant, 
there should be an exact correspondence between the decrease in molecular 
weight and the fall in rate of polymerization for mechanism (1), provided 
transfer to monomer is small and can be neglected (2). For the thermal 
reactions at 70°C., in which transfer to monomer is an important termination 
step, it can be shown that this mechanism requires the proportional decrease 
in molecular weight to be less than the decrease in the second order rate con- 
stant ke, where kp = rate/[M]*. It is generally accepted that the rate of ini- 
tiation for uncatalyzed thermal polymerizations is proportional to the square 
of the monomer concentration. For reactions with both the 8-isomer at 45°C. 
and the a- and §-isomer at 70°C., the fall in molecular weight is at least 20 
times greater than required for these relationships (Tables I and II). Thus, 
the addition of a bromostyrene molecule to form an inactive radical is not the 
predominant chain termination process. 

Although the reaction rates determined dilatometrically and from the poly- 
mer recovered are not strictly comparable, particularly for reactions with high 
bromostyrene concentrations, the trend is similar. It is probable that the 
greater rate decrease obtained by the second method is attributable to incom. 
plete precipitation of low molecular weight material which is progressive as the 
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molecular weight decreases. Confirmation of this was obtained in two of the 
experiments at 70°C. (Nos. 7 and 9) in which 50% of each reaction mixture 
was transferred to a distillation apparatus, degassed, sealed under vacuum, 
and the volatile constituents removed in a bulb-to-bulb distillation. In both 
cases, gummy residues remained which consisted of very short chain poly- 
mers as they were partly soluble in methanol and readily soluble in acetone. 
This partial fractionation will also mean that the true molecular weights are 
somewhat less than the determined values in the low molecular weight range. 

If the bromostyrenes act principally as transfer agents and the radicals 
formed in the transfer step are equally efficient in continuing polymerization, 
then, for the initiated reactions with a constant catalyst concentration, the 
rate of polymerization will be proportional to the monomer concentration. For 
the thermal reactions without initiator, the dependence will be second order 
with respect to monomer concentration, that is, k2 will remain constant (3, 4). 
Although the rate measurements are not too precise, the rates as a function of 
monomer concentration are less than for first and second order relationships, 
which suggests that the probability of the radicals resulting from transfer 
continuing the kinetic chain is less than unity. This is particularly apparent 
for reactions with a-bromostyrene at 70°C. but the evidence for reactions with 
the B-isomer at the same temperature is not conclusive. In addition, it must be 
recognized that a similar effect would be observed in the catalyzed reactions 
if the bromostyrenes compete with the monomer for the initiator fragments, 
since this will cause a progressive reduction in the rate of starting chains. 
Transfer constants for the two bromo compounds have been determined from 
the variation of molecular weight with bromostyrene-styrene ratio (8). Al- 
though this method is strictly applicable only when each radical formed by 
transfer continues polymerization, it has been used to obtain approximate 
values. At 70°C., the transfer constants for the a- and 8-bromostyrene are 1.0 
and 0.2 and are respectively 100 and 20 times greater than that of carbon tetra- 
chloride at this temperature (4). 
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THE PHOTOLYSIS OF KETENE IN THE PRESENCE 
OF HYDROGEN! 


By H. GEssER? AND E. W. R. STEACIE 


ABSTRACT 


The photolysis of ketene in the poe of hydrogen has been investigated in 
the temperature range —40° to 207°C. The main products are CO, C:H,, C2He, 
and CH,, with some methy] ethyl ketone at the higher temperatures. Hydrogen 
and ketene compete for CHsz radicals by the reactions 


CH: + CH:CO — C;:H, + CO (2) 
with E;—E, = 0.8 kcal. At the higher temperatures the reaction 
CH; + H:~CH, + H (6) 
leads to a chain reaction via 
H + CH:CO — CH; + CO’ [4] 
ee of E, is found to be 10.2+0.5 kcal. in good agreement with previous 
work. 
INTRODUCTION 


The recent study by Strachan and Noyes (10) of the photolysis of ketene 
and ketene—oxygen mixtures has greatly clarified the mechanism of the ketene 
photolysis and its dependence on wave length. In view of this it was believed 
that a re-examination of the ketene—hydrogen system, previously investigated 
by Rosenblum (7, 8), would perhaps distinguish unambiguously between the 
addition (1) and abstraction (8) reactions of CH: radicals with hydrogen. 

Bawn and Milsted (1) studied the reaction of sodium atoms with the 
methylene halides and found that at 300°C. with hydrogen as the carrier gas 
CH, was the principal product, whereas with nitrogen as the carrier gas C,H, 
was the main hydrocarbon product. They therefore postulated the reaction 


CH: + H: —_ CH. [3a] 
Rosenblum (8), however, postulated 


to account for the high proportion of saturated hydrocarbons produced by the 
photolysis of ketene in the presence of hydrogen. 

During the course of this investigation Chanmugam and Burton* (2) 
studied the photolysis of ketene in the presence of hydrogen and deuterium 
from 27° to 412°C. They conclude that reaction [3a] occurs to a small extent 
at 27° and has a low activation energy, while [3] only occurs at higher tempera- 
tures. 


‘Manuscript received October 13, 1956. 

Contribution from the Diviston of Pure Chemistry, National Research Councsl, Ottawa, Canada. 
[ssued as N.R.C. No. $8386. 

*National Research Counctl of Canada Postdoctorate Fellow 1954-55. Present address: Depart- 
ment of Chemistry, University of Manitoba, Winnipeg, Manitoba 

*We are greatly indebted to Drs. Burton and Chanmugam for allowing us to see the manuscripts 
of thetr papers prior to publication 
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EXPERIMENTAL 


The apparatus, essentially completely free of stopcocks, was similar to that 
of Strachan and Noyes (10). It consisted of a quartz cell 5 cm. in diameter and 
10 cm. long enclosed in an insulated box which served as an air oven. The 
temperature was controlled by means of a mercury regulator to within +2° 
at temperatures above room temperature. A few experiments were performed 
at —40°C. by partial filling of the box with dry ice. Under these circumstances 
there was a slight amount of condensation on the quartz windows of the box 
which caused small variations in the intensity of illumination. The volume of 
the cell was 193 cm.*, and the total volume of cell and connecting tubing was 
about 225 cm.’. 

The analytical units consisted of a furnace containing copper and copper 
oxide maintained at 210°C. for the analysis of CO, Hz, CH, mixtures, a hydro- 
genator (9) for the analysis of C;H,, C:H¢ mixtures, and a platinum wire unit 
for the combustion of CH,. The CO, He, CH, fraction was separated at 
—215°C., and the C, fraction at — 185°C. by means of a LeRoy still. 

Ketene was prepared by the thermal decomposition of acetic anhydride 
(4) at 500°C. It was degassed repeatedly at the temperature of liquid oxygen, 
and distilled from a trap at — 130°C. into a bulb where it was stored in liquid 
nitrogen. When the ketene was allowed to react with acetic acid, CO. was 
detected as an impurity, present in the ketene to the extent of 0.1%. 

Hydrogen was purified by passage of commercial cylinder hydrogen through 
three traps immersed in liquid nitrogen and through two palladium thimbles 
maintained at 320°C. Its purity was tested by means of the copper oxide fur- 
nace. It was found that approximately 0.0002% of the hydrogen did not 
disappear to form water in the presence of hot copper oxide. Traces of CO and 
CH, were found, and the yields of the products were corrected for them. 
Hydrogen was stored in a 5 liter bulb and was dosed into the cell by means 
of a 100 cc. mercury Toepler pump, with tte ketene previously measured and 
frozen down with liquid nitrogen. The gases were then allowed to mix by warm- 
ing to room temperature and repeated expansion into the Toepler pump. 

The light source was a Hanovia S-500 medium-pressure mercury arc, 
collimated by means of two quartz lenses. The almost parallel beam was 
allowed to fill the ceil. The intensity was checked by means of a General 
Electric type GL 935 phototube. The light was filtered with a Corning glass 
filter No. 9863 (3 mm.) and a chlorine filter in quartz (5 cm. long at 1 atm. 
pressure). The effective absorbed radiation was thus about 2700 A, with 
about six per cent above 3600 A. The intensity was varied by means of neutral 
density filters of aluminum sputtered on quartz. 


RESULTS 


The products of the photolysis ot ketene in the presence of hydrogen at 
—4()° and 26°C were CO, C.H,, and C2H¢, together with some polymer detected 
by a slow drop in the transmission of the cell windows. The cell was occasion- 
ally flamed with half an atmosphere of oxygen to remove the polymer. At higher 
temperatures CH, was also produced. Experiments at 26°C. showed that the 
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TABLE I 


PHOTOLYSIS OF KETENE-HYDROGEN MIXTURES 


Illumination time = 1 hr. 
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[(CH:CO] [H:] Reco Regayg Regug Reng Ruex 
Reco Material —————————- 
molecules/cc. molecules/cc. /sec. X 1078 Root, balance molecules/cc./ 
x10-8 sec. X 107% 

Temperature = —40+4°C. 

0.83 2.49 .304 .080 .069 — .980 

0.81 6.86 .258 .039 .092 _ 1.016 

0.81 — 315 . 140 2.25 

0.83 4.56 . 247 .045 .076 — .980 
Temperature = 26+2°C. 

0.97 — .594 .272 2.18 

0.97 1.62 .590 .170 .118 _ .976 

0.97 0.97 571 . 183 .091 — .960 

0.97 0.36 .583 . 232 .037 — .923 

0.97 3.60 .535 .100 .161 — .976 

1.00 — .428 .194 2.21 

1.00 6.36 .409 .061 .145 _ 1.007 

0.98 4.79 .416 .067 .130 —_ .947 

0.95 — .387 .174 2.22 

1.00 3.78 .412 .078 A — .947 

0.97 1.91 . 392 .098 .092 — .969 

0.97 1.01 .377 .125 .060 — -981 

0.94 — .361 .161 2.24 

1.68 1.29 .598 .214 .070 — .950 

1.65 0.78 .577 . 228 .048 —_— .957 

1.62 0.61 .549 . 226 .037 — .958 
Temperature = 99+2°C. 

1.36 0.55 .571 .217 .037 .003 895 

1.32 0.86 .563 .191 .059 .005 .897 

1.27 2.02 .558 .136 .104 .016 .889 

0.84 2.66 .463 .076 .106 .026 .842 

0.81 3.82 .446 .054 .129 .039 .908 

0.71 6.00 401 .028 .131 .059 .940 
Temperature = 149+2°C. 

0.68 4.90 .549 .031 .083 .216 . 809 .052 

0.71 3.87 .522 .036 .084 Be .789 .055 

0.69 3.16 .508 .043 .085 . 140 .780 .056 

0.68 _— 354 . 159 2.23 

eg — .572 .251 2.28 

1.14 3.25 .735 .101 .089 .152 .724 101 

0.92 — .454 .197 2.30 

0.89 1.49 .515 .104 .066 .058 773 .058 

1.03 “= .489 .212 2.31 

1.01 0.66 .512 .155 .034 .020 777 .057 

0.48 — . 234 .103 2.27 

0.48 1.81 . 293 .027 .062 .064 . 826 .026 

0.92 — .410 .183 2.24 

0.92 3.25 .590 060 .091 .145 .758 .071 

0.69 — .405 178 2.28 

0.69 2.41 .478 .066 .074 111 818 043 
Temperature = 207+2°C. 

0.49 4.59 .00 .057 .056 .636 862 .069 

0.48 ~ 260 106 2.45 

0.50 3.66 . 846 .059 053 488 842 067 

0.52 2 25 .676 065 054 297 791 070 

1.03 ~ 524 215 2 44 

1 01 2 25 03 169 048 285 698 155 

1.01 1 31 
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addition of hydrogen to ketene undergoing photolysis had no effect on Reo 
(the rate of formation of CO). However, at higher temperatures where CH, 
was produced, the addition of hydrogen to ketene caused an increase in Reo 
such that Reo for ketene alone was about equal to Rco—Rcu, for ketene- 
hydrogen mixtures. 

Mass spectrometric analysis showed that in experiments with ketene alone 
up to 207°C. the CO fraction contained less than 0.5% methane, and the C,H, 
fraction contained less than 0.5% ethane with no detectable amounts of 
acetylene. The yields of CO, were always negligible compared with the im- 
purity already present in the ketene. 

In experiments at 149° and 207°C. relatively large amounts of products were 
obtained which were volatile above 125° and were not found in comparable 
quantities in the absence of hydrogen or at lower temperatures (except at 
99°C. at very low intensities). Mass spectrometric analysis of this fraction 
showed that the gases volatile between —75° and — 125°C. contained from 30 
to 50% methyl ethyl ketone. The remaining gases which could not be posi- 
tively identified were probably other mixed ketones. 

The extent of decomposition was usually about two per cent, except at the 
highest temperatures where, because of the chain reaction, the decomposition 
was about six per cent under similar conditions. 

The rates of formation of products are given in Table I. Table II shows the 
effect of intensity (a variation of about 500-fold). The filter used in this series 


TABLE II 
EFFECT OF INTENSITY 














[CHsCO}  [H:) Rco Row Row Rcu 

——_—_—_—— Temp., Relative Time, - ~ : _RCO Material 
meee. . intensity sec. molecules/cc. /sec. X10-# Ro,H, balance 

x Mu 

1.16 _ 26 1000 500 17.02 7.52 2.26 
1.08 2.16 26 1000 200 17.21 5.40 3.10 _ .992 
1.07 2.13 26 14 7000 0. 267 0.071 0.058 _ .966 
1.03 _ 26 14 7000 0.263 0.117 2.25 
0.92 1.79 99 1000 100 18.10 4.43 4.28 _ .964 
0.91 1.79 99 14 6900 0.289 0.060 0.064 0.011 806 
0.90 — Wa 14 7200 0.277 0.128 2.16 
0.95 1.88 99 2 54000 0.0333 0.00622 0.00475 0.00373 771 
0.93 _ 99 2 54000 0.0290 0.0129 2.25 
0.80 2.57 149 1000 60 14.08 2.24 4.21 0.960 .984 
0.79 _ 149 1000 60 13.83 6.29 2.20 
0.80 2.67 149 2 54000 0.0464 0.00432 0.00310 0.0163 .671 
0.78 _ 149 2 54000 0.0240 0.0102 2.35 





Note: A dash signifies product noi detectable. 
A blank space indicates that no analysis was made. 


was a Corning No. 9863 alone, giving effective radiation from 3900A to 
2600 A. Experiments at 26°C. with ketene-hydrogen mixtures using 3660 A 
and 3130 A gave results similar to those with 2700 A. 

One experiment was performed at shorter wave lengths in which 54 mm. of 
ketene at 26°C. was photolyzed with the 2139 A line of a low pressure zinc 
resonance lamp, the longer wave length resonance line 3076 A being removed 
by means of a chlorine filter. The products were mainly CO and C;H,, and 
were analyzed by means of a mass spectrometer. The CO fraction was shown 
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to contain 0.75% He, and the C, fraction had the following composition: 
3.5% CeHe, 5.4% CoH, 91.1% C2Hs. The value of Rco/Ro,n, was 2.38. There 
are thus small but definite differences as compared with the results at longer 
wave lengths, possibly owing to the onset of another primary process. 


DISCUSSION 


Consideration of the principal products of the photolysis of ketene in the 
presence of hydrogen leads to the following material balance: 


(2Ro,n, +2Re.n,t+Reu,)/Reo = 1. 


The values of this ratio are given in Tables I and II under the heading 
‘Material balance’’. It is evident that the material balance decreases with 
increase in temperature (Table I), and increases with increase in intensity 
(Table II). Some polymerization occurred, and this resulted in a slight decrease 
in transmission in successive runs. This is reflected in the values of Reo in 
Table I, but the ratios of rates are not affected. In view of the large variation 
in intensity in Table II, no appreciable error is involved in conclusions regard- 
ing the effect of intensity. The small increase in the ratio Reo/Re,a, with 
incréase in temperature is probably due to an increase in the amount of 
polymer formed at higher temperatures. The values of the material balance 
show that polymerization is never of major importance, especially at low 
temperatures: 
The mechanism most consistent with our results is as follows: 


CH:CO + hy — CH: + CO (1) 
CH: + CH:CO — C:H, + CO [2] 
CH: + H: ~ CH; + H [3] 

H + CH:CO — CH; + CO [4] 
CH; + CH; — C:He [5] 
CH; + H: ~CHs +H (6) 


If ethane and methane are produced solely by reactions [5] and [6], then the 
following relation should be obeyed: 


Reu,/Rb.n, = kelH2]/kes!. [1] 


Fig. 1 shows a plot of Rou, /Ré,n, against [H,] at 99°, 149°, and 207°C. and 
it is.evident that the above relationship is obeyed. The values of ke/ks? at the 
different temperatures were obtained from the slopes of the curves in Fig. 1, 
and are given in Fig. 2 in the form of an Arrhenius plot. The values of ke/ks? 
reported by Majury and Steacie (6) from an investigation of the photolysis 
of acetone-hydrogen mixtures are given for comparison. The agreement is 
excellent except at the highest temperature where Majury and Steacie’s 
results are unreliable. The results of the present work lead to the expression 


13+log ke/kst = 5.96 —(2.24 10?/T), 
and to E,—}Es = Es = 10.2+0.5 kcal. This agrees well with the value re- 








118 CANADIAN JOURNAL OF CHEMISTRY. VOL. 34, 1956 


ported by Whittle and Steacie (11) of 10.0+0.5 kcal. If collision diameters of 
2.8 A and 3.5A are assumed for H; and CHs, the ratio of the steric factors, 
P./P#, is 2.3X10-*. The complete agreement with previous work is strong 





Ron, (Pon, (MoLEcuLEs/cc/sec}*x10-® 











i ! i i 
.¢] | = 3 4 5 6 


[Hg] MoLecuLes/Ccx10-"® 





Fic. 1. Plot of Ron,/ Res against ([H:]. For convenience in plotting, the values of the 
ordinate have been divided by 2 for the 149°C. curve, and by 5 for the 207°C. curve. 


evidence that reaction [3a] is unimportant as a source of methane in the 
present work. This is to be expected from the work of Chanmugam and 
Burton (2) who showed that at 27°C. the total methane, amounting to about 
one per cent of the CO, is formed by reaction [3a], whereas at higher tempera- 
tures the methane is predominantly formed by a radical reaction. 

A mechanism involving reactions [1] to [6] leads to the relationship: 


Ro,u,/Rew, = kalH2]/ke{CH2CO]. [IT] 


A plot of Rea,/Rc.n, against [H2]/[CH2CO] is shown in Fig. 3. The slopes of 
the lines, corresponding to k3/ks, are 0.28, 0.40, and 0.52 for —40°, 26°, and 99° 
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respectively. An Arrhenius plot of these values is given in Fig. 4, whence 
E;—E, = 0.8 kcal., and P;/P, ~ 1. 
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At 99°C. appreciable methane is formed, and it is possible to check both 
equations [I] and [II]. The results agree excellently. It follows that a reaction 
sequence such as 

CH: + CH:CO — CH:CH:CO 


CH;CH;:CO + H: =“? C:He + co, 


as postulated by Chanmugam and Burton to account for the formation of 
ethane at 27°C., cannot be of any importance in the present work even at low 
temperatures. 

The slopes of the lines in Fig. 3 give an excellent Arrhenius plot at the three 
lowest temperatures. At higher temperatures, however, the slopes decrease 
again, being 0.40 at 149° and 0.13 at 207°. Also, the plot in Fig. 3 is far from 
linear at 207°. The decrease in the apparent value of k3/k; is almost certainly 
due to the formation of methyl ethyl ketone in view of the fact that both 
k3/k, and the material balance (Table II) increase with increase in intensity. 
Methyl ethyl ketone presumably arises by the reactions 


CH; + CH:CO — CH;COCH; [7] 
CH; + CH;COCH; —_ C:H,COCHsg. [8] 


The rate of formation of methyl ethyl ketone, Ryzx, at 149° and 207°C. can be 
calculated by assuming that the material balance differs from unity solely 
because of the formation of methyl ethyl ketone. Hence Rurx = }Rco 
(1 —-material balance). The values thus calculated are given in Table I, and 
should obey the relationship 


Rea,/Ruex = kel H:2)/k2(CH2CO}. {III} 


Fig. 5 shows that this relationship is obeyed satisfactorily. The slopes lead to 
E.—E;, = 3.8 kcal., i.e. E7 = 6.4 kcal., and to P./P; = 30 or P; = 7X10-5. 
Since these values are derived from results at two temperatures only, and 
involve rather drastic assumptions, they are to be regarded as correct in 
magnitude only. 

It is, however, possible to obtain some confirmatory evidence from the work 
of Chanmugam and Burton (3). Their work on the photolysis of ketene— 
acetone mixtures showed that methyl ethyl ketone was an important product. 
From their yields of methane and ethane it can be shown that at the three 
highest temperatures used by them (200°, 298°, and 412°C.) an Arrhenius 
plot of 

Res,/ Ri 2H,|Acetone] 


gives an activation energy of 9.8 kcal. for reaction [9]. 
CH; + CH;COCH; — CH, + CH:COCHs. (9] 


This is in excellent agreement with their own (3) and previous work on the 
acetone photolysis. It follows therefore that either all methane comes from 
[9] or that if CH, radicals abstract hydrogen from ketene the activation energy 
must also be approximately 9.8 kcal. This latter alternative is ruled out, how- 
ever, by the fact that Roy , is a function of (H,] and is independent of [CH,CO] 
in the present work. 
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If it is now assumed that [7] and [8] are the main method of forming methyl 
ethyl ketone (which is also assumed by Chanmugam and Burton) then an 
Arrhenius plot of 

Rcu, [CH:CO]/Rywex [Acetone] 


using the results of Chanmugam and Burton leads to 
E,—Ez = 4.8 kcal., Ex = 5 kcal. 


Considering the assumptions involved this is in excellent agreement with the 
value of 6.4 kcal. from the present work. 
If equation [II] is now corrected to include reactions [7] and [8], 


(Regug+Ruzx)/Re,u, = kslH:1/kefCH:CO). [IV] 





Using equation [IV], we can correct the results in Fig. 3 for 149° and 207°C. 
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In this way k3/k2 at 149° is raised to 0.66 in good agreement with the value of 
0.59 obtained by extrapolation from Fig. 4. However, the results for 207° do 
not agree with equation [IV], since a straight line is not obtained when 
(Rou, +Ruex) ‘Ro.n, is plotted against [H.]/[CH,CO]. Also, apart from the 
deviation from linearity the slope of the curve is much too small. A possible 
explanation is the formation of ethylene at the highest temperature by some 
process other than reaction [2], analogous to the unexplained formation of 
ethylene in the acetone photolysis at high temperatures. 

In view of the uncertainties at the higher temperatures the exact value 
obtained for E;— EF, is open to some suspicion. There appears to be no doubt, 
however, that the difference between E; and E; is small. 

The effect of intensity is in general agreement with the proposed mechanism. 
The competition between reactions [5] and [7] adequately explains the increase 
in the material balance, and the parallel increase in the apparent ratio k3/k, as 
determined by equation [II] with increase in intensity. 

Reaction [4] has previously been postulated by Knox, Norrish, and Porter 
(5) to account for the chain decomposition in the flash photolysis of ketene. 
To gain further evidence for its occurrence it was desirable to use a system in 
which hydrogen atoms were produced in the presence of ketene. With this in 
view an experiment was performed in which a 4:1 H.-CH2CO mixture was 
saturated with mercury vapor and illuminated with mercury resonance radi- 
ation (2537 A) at 26°. Under these circumstances CH, was not formed, and 
the material balance was 1.0. The ratio Ro,n,/ Ron, was 4.2, about 2.5 times 
greater than that obtained for the photolysis of an equivalent mixture at 
2700 A. This is strong evidence for the occurrence of reaction [4]. 

The mechanism leads to E;— FE, = 0.8 kcal. All indications are that E, 
is small. Hence £; is of the order of 3 kcal. For reaction [3] 


— AH; = D(CH;—H)—D(H—H) 
= D(CH:—H) —103 kcal. 


Hence £; can only be as small as 3 kcal. if D(CH2—H) is at least 100 kcal. 
If the high value of the latent heat of the sublimation of carbon, L< = 170 
kcal., is correct, as seems almost certainly to be the case, such a value for 
D(CH2—H) is reasonable. Recent unpublished work by Kistiakowsky in fact 
indicates that D(CH,—H) is probably greater than D(CH;—H). 
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AN OXYGEN-18 STUDY OF ACETAL FORMATION 
AND HYDROLYSIS! 


By FrReEp StTAsIuK,? W. A. SHEPPARD,? AND A. N. Bourns 


ABSTRACT 


A tracer study has been made of acetal formation and hydrolysis. Benzalde- 
hyde and 2-butyraldehyde, enriched in O", on reaction with oe and allyl 
alcohols, gave acetals of normal isotopic abundance. The lal bel appeared in the 
water of condensation. Hydrolysis of benzaldehyde di-x-butyl acetal and #- 
butyraldehyde di-x-buty! acetal in O" enriched water gave alcohols of normal 
re a sce a it enrichment due to isotopic was found in allyl 

hydrolysis of benzaldehyde diallyl acetal. ‘These results 
mud oe —o the pode reaction proceeds by a fission of the aldehyde-carbon 
to oxygen bond. 


INTRODUCTION 


The rate-determining step in the acid-catalyzed formation of an acetal 
from aldehyde and alcohol is generally assumed to be the reaction of the 
second alcohol molecule with the conjugate acid of an intermediate hemiacetal. 
In the reverse of this reaction, that is, in acetal hydrolysis, the formation of 
the hemiacetal from the conjugate acid of the acetal is considered to be the 
slow step (4). 

On the basis of the relative hydrolysis rates observed for a number of 
formaldehyde acetals (12), Hammett has suggested a unimolecular mechanism 
in which there is formed a carbonium ion intermediate derived from the alcohol 
component of the molecule (4). 

[RCH(OR’)}—OHR’J}* tow RCHOR’—OH + [R‘]* 
IR'T* + H.0 —*t_, (ROH, 

Hydrolysis rates, however, are much more sensitive to structural changes in 
the aldehyde component. For example, the following relative rates have been 
observed in the hydrolysis of acetals of pentaerythritol: formaldehyde, 1; 
acetaldehyde, 6 X 10°; acetone, 1 X 107 (13). Ingold (5) has pointed out that 
this kinetic effect can be understood if the carbonium ion is derived from the 
aldehyde component since then the methyl substituents would be joined 
directly to the electron deficient carbon. 


[RCH(OR’)—OHR’}* -*©*¥_, [RCHOR’}* + R‘OH 
[RCHOR'}* + H:0 —5t_, (RCH(OR)—OH-}* 


This mechanism also accounts for the markedly greater ease of hydrolysis of 
acetals compared to ordinary ethers. 


‘Manuscript received June 14, 1955. 
Contribution from the Department of Chemistry, Hamilton College, McMaster University, 
a Ontario. Presented before Section III, Royal cap of Canada, Kingston Meeting, 
une, 1960. 
"Graduate student. 
Undergraduate student. Present address: Hickrill Research Foundation, Katonah, New York. 
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In acetal formation these reactions would be reversed with carbon-oxygen 
bond fission giving a carbonium ion again being the slow step. 

The use of oxygen-18 provides a means of distinguishing between the two 
mechanisms since the oxygen appearing in the product, water, from acetal 
formation or in the product, alcohol, from acetal hydrolysis would have a 
different origin in the two cases. Benzaldehyde and n-butyraldehyde, enriched 
in O!8, have been reacted with n-butyl alcohol and allyl alcohol, and the O"* 
content of the resulting acetals and of the water of condensation determined 
for each of the four reaction systems. Allyl alcohol was chosen as an alcohol 
reactant since resonance stabilization of the allyl carbonium ion might be 
expected to provide a system most favorable for reaction by the Hammett 
mechanism. Hydrolysis in O'* enriched water of three acetals, benzaldehyde 
di-n-buty] acetal, n-butyraldehyde n-butyl acetal, and benzaldehyde diallyl 
acetal, has also been studied. The alcohol product was isolated and its oxygen 
isotopic abundance determined. 

After the present investigation had been completed, O’Gorman and Lucas (9) 
reported a stereochemical study of acetal hydrolysis in which the acetal of 
D(+)-2-octanol was hydrolyzed to give D(+-)-2-octanol of the same rotation 
as the original alcohol from which the acetal had been prepared. Since reaction 
by the Hammett mechanism would be expected to give extensive racemization, 
these authors conclude that it is the aldehyde carbon which forms the car- 
bonium ion. 

EXPERIMENTAL 
Preparation of Benzaldehyde-O"* and Butyraldehyde-O"* 

The aldehydes were shaken for three days with O'* enriched water con- 
taining approximately 0.8 atom % (0.6 atom % excess) of the heavier 
isotope. Water was separated and the aldehydes dried by azeotropic distil- 
lation with benzene. Their O'* content was determined in two ways: (1) by 
calculation from a knowledge of the O'* content of the water before and after 
equilibration, and (2) by determining the O'* content of the water produced 
on reaction of the aldehyde with phenylhydrazine under conditions which 
permitted its continuous removal by azeotropic distillation with benzene. 
Although there was good agreement between the two methods, the values 
obtained by the second have been used in Table I, since similar techniques 
were used in determining the O'* content of the water produced in acetal 
synthesis. 


Acetal Formation 

Carefully dried alcohol (0.32 mole) and the O'* enriched aldehyde (0.16 mole) 
were dissolved in 50 ml. of dry benzene and 0.5 gm. of anhydrous p-toluene- 
sulphonic acid added. The solution was refluxed gently with continuous re- 
moval of the water of condensation using a Dean-Stark separator. The 
resulting acetal was recovered in the usual way, distilled, and converted to 
water and hydrocarbon in the manner described below. 


Acetal Hydrolysis 
The acetal (0.11 mole), enriched water (0.5 mole) containing approximately 
0.4 atom % excess O'*, and two drops of concentrated hydrochloric acid were 
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shaken together for two hours in a stoppered flask at 60-70°C. After the 
reaction mixture was cooled, it was neutralized with sodium hydroxide solu- 
tion, water separated, and the alcohol product isolated by fractional distil- 
lation. The alcohol was dried azeotropically with benzene and converted to 
water and hydrocarbon by hydrogenolysis. 


Hydrogenolysis of Organic Compounds and Mass-spectrometric Analysis of the 
Oxygen Isotopes 


The acetals and alcohols were passed with a stream of dry hydrogen at 
400° C. over a thoria-promoted nickel catalyst (11). Water, formed in 60-80% 
yields, was purified by distillation, and its O'* content determined by equil- 
ibration with carbon dioxide followed by a mass-spectrometric analysis of the 
oxygen isotopes in the carbon dioxide (3). The water removed azeotropically 
in the reaction of the aldehydes with phenylhydrazine and in acetal formation 
was purified by distillation over small quantities of sodium hydroxide and 
potassium permanganate before equilibration with carbon dioxide. Corrections 
were made for O'* dilution resulting from oxygen exchange with these com- 
pounds. 

The isotopic analyses were made using a 180° direction-focusing Nier type 
mass spectrometer equipped with an automatic recorder (7). The precision of 
the mass-spectrometric analyses was +0.1%, while the over-all precision was 
considerably poorer, about +2-3%, owing to small and variable dilution of 
O'8 during manipulative procedures. 


Tests for Oxygen Exchange between Reactants and Products 

Since exchange of oxygen between aldehyde and alcohol or acetal under 
the conditions of acetal synthesis would destroy the significance of the results 
insofar as mechanism considerations are concerned, the following tests for 
exchange were carried out: 

(a) A synthesis of benzaldehyde di-n-butyl acetal using benzaldehyde 
containing 0.316 atom % excess O'* was carried to half completion, the un- 
reacted n-butyl alcohol was separated, purified, and converted to water by 
hydrogenolysis, and the O'® content of the water determined in the manner 
previously described. The enrichment of the alcohol was found to be only 
0.012 atom %. 

(6) A benzaldehyde di-n-butyl acetal synthesis from benzaldehyde con- 
taining 0.346 atom % excess O"* was carried to half completion, the unreacted 
aldehyde and the acetal each separated, purified, and converted to water by 
methods already described. The benzaldehyde was found to contain 0.324 atom 
% excess, while the acetal was normal. 

It is apparent from these results that, under the conditions used in the 
tracer study of acetal formation, there were no significant complications arising 
from exchange between normal and enriched materials. 

Acid-catalyzed exchange between water and n-butyl alcohol during acetal 
hydrolysis experiments would certainly be too slow to appreciably affect the 
results (10, 2). Allyl alcohol, however, might be expected to undergo exchange 
much more rapidly and, therefore, an experiment was made to determine the 
extent of such exchange under the conditions used in the tracer studies. Allyl 
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alcohol, containing the normal abundance of the oxygen isotopes, was dis- 
solved in five molar equivalents of water, containing 0.444 atom % excess O'8, 
and the solution maintained at 65° C. for two hours. At the end of this period 
the alcohol was isolated, carefully dried, converted into water, and the oxygen 
isotopic abundance determined in the usual way. The alcohol was found to 
contain 0.018 atom % excess O'*, showing that, although there was some ex- 
change, it was not sufficiently rapid to invalidate conclusions based on the 
results of the tracer work. 


RESULTS AND DISCUSSION 


The results of the tracer study of acetal formation for the four different 
systems of aldehyde plus alcohol are shown in Table I. In each case, the acetal 
formed from the O'® enriched aldehyde has been found, within experimental 
error, to have the normal abundance of the oxygen isotopes. With the exception 
of the reaction of benzaldehyde with n-butyl alcohol, however, not all of the 


TABLE I 
OXxYGEN-18 RESULTS FOR ACETAL FORMATION 








Isotopic abundances (atom % excess)* 








Acetal % of excess O'8 
Original aldehyde Water of condensation Acetal reappearing in water 
Benzaldehyde (1) 0.346 0.344 0.003 99.4 
di-n-butyl (2) 0.337 0.337 0.000 100.0 
Butyraldehyde (1) 0.346 0.333 0.000 96.2 
di-n-butyl (2) 0.346 0.324 t 93.6 
Benzaldehyde (1) 0.316 0.277 t 87.7 
dially] (2) 0.346 0.309 0.001 89.3 
Butyraldehyde (1) 0.136 0.109 0.003 80.2 
diallyl (2) 0.136 0.109 Tt 80.2 





*The abundances shown are the excess above the value 0.206% found for normal benzaldehyde 
di-n-butyl acetal when tt was compared with Lake Ontario water to which a value of 0.204% had 
been assigned (15). 

+Not determined. 


excess O'* originally present in the aldehyde reappeared in the water of conden- 
sation. This result and the trend of the values shown in the last column of the 
table can be readily understood on the assumption that, in competition with 
acetal formation, there is a reaction of the alcohol producing an ordinary 
ether and water of normal O'* abundance. Of the two alcohols, allyl and butyl, 
the former reacts more slowly in the acetal reaction (14), but is very much 
more reactive in simple ether formation. Furthermore, of the two aldehydes 
entering into the acetal reaction, benzaldehyde is the more reactive (1). 
Greatest dilution with normal water would, therefore, be expected in the 
n-butyraldehyde — allyl alcohol system, and least dilution in the reaction of 
benzaldehyde with n-butyl! alcohol. This has been found to be the case. 

The results of the acetal hydrolysis studies are shown in Table II. With 
the exception of the reaction of the acetal derived from allyl alcohol, the 
alcohol product contained, within experimental error, the normal abundances 
of the oxygen isotopes. Allyl alcohol was slightly enriched, a result to be ex- 
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pected since this alcohol has been shown to slowly exchange its oxygen with 
water under the conditions of the experiment. (See Experimental section.) 


TABLE II 
OXxyYGEN-18 RESULTS FOR ACETAL HYDROLYSIS 








Isotope abundances (atom % excess)* 








Acetal 
Water Alcohol product 

Benzaldehyde 

di-n-butyl 0.371 —0.001 
Butyraldehyde 

di-n-butyl 0.371 —0.003 
Benzaldehyde (1) 0.444 +0.033 

diallyl (2) 0.522 +0.016 





*See first footnote to Table I. 


These results quite definitely establish that it is the bond of oxygen to the 
aldehyde carbon which undergoes fission in the reversible reaction of acetal 
formation and hydrolysis. Two mechanisms are consistent with this finding, 
namely the carbonium ion mechanism proposed by Ingold and a bimolecular 
process involving attack of the reagent on the conjugate acid of the hemiacetal 
or acetal. The latter mechanism, however, would appear to have been elimin- 
ated as a possibility by the recent observation of McIntyre and Long (6, 8) 
that the rate of hydrolysis of methylal is a linear function of the Hammett 
acidity function, Ho, indicating that no water molecules are firmly bound in 
the transition state. It is of interest that the present work shows that the 
carbonium ion is derived from the aldehyde part of the molecule even in 
systems involving allyl alcohol in which a carbonium ion derived from the 
alcohol would be mesomeric. 
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DEPOLARIZATION BY MERCAPTOACETIC ACID DURING 
ELECTRODEPOSITION OF COPPER! 


By A. J. Suxava? anp C. A. WINKLER 


ABSTRACT 


Mercaptoacetic acid (MAA) in acid copper sulphate electrolyte decreased the 
cathode polarization throughout the course of electrolysis at all concentrations up 
to 20 mgm./liter. Addition of small amounts of chloride caused further depolar- 
ization. When present together with cystine, MAA showed an independence of 
action. The depolarization caused by MAA was ascribed to a decreased activation 
overpotential due to substitution of a more readily dischargeable MAA-copper 
complex for the aquo-copper complex. The additional depolarization due to 
chloride was ascribed to formation of a still more readily dischargeable chloro— 
MAA-copper complex. The depolarization in both cases increased with time 
during prolonged electrolysis, apparently due to surface roughening with, pre- 
sumably, a consequent increase in surface area and decrease in true current 
density. 


INTRODUCTION 


Investigations have recently been made in this laboratory into the addition 
agent effects, during electrodeposition of copper, of some simple amino com- 
pounds (1, 5). These compounds are known to be positively charged in acid 
solution and to be capable of co-ordination with copper ions. In the course of 
these studies, it became of interest to inquire whether a sulphur-containing 
carboxylic acid lacking the amino group, and with no positive charge in the 
solution, would show any fundamental difference in behavior from that of the 
amino compounds studied. Preliminary experiments with mercaptoacetic 
acid (MAA) indicated an interesting behavior, more extended investigation 
of which gave the results reported in the present paper. 


EXPERIMENTAL 


The equipment and procedure were identical with those outlined previ- 
ously (5). MAA was reagent grade. A stock solution of it in the standard 
electrolyte was made to a concentration of 0.05 gm./liter (the low solubility 
of a dark precipitate that formed limited the concentration to this value). 
This solution was diluted with standard electrolyte to give the desired concen- 
tration of MAA during electrolysis. All experiments were made at 24.5° C., 
with a current density of 2 amp./dm.’. 


RESULTS 


MAA alone in the electrolyte reduced the total polarization below the 
100-millivolt steady state value obtained with no additive (5). There was some 
indication of an indeterminate maximum in polarization during the initial 
0.01 sec. (approximately), but the first distinct trace on the cathode ray 
oscilloscope showed a sharp drop in polarization and this depolarization by 
MAA continued throughout the electrolysis. The immediate effect of MAA 


‘Manuscript received in original form July 28, 1955, and, as revised, November 14, 1956. 
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was to cause depolarization to about 50 to 60 mv. with a standard surface; 
the steady state polarization, established after electrolysis for an hour or more, 
was decreased to a limiting value of about 35 mv. as the concentration of MAA 
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Fic. 1. Effect of mercaptoacetic acid concentration on steady state total and concen- 
tration polarizations. 
A. Mercaptoacetic acid present alone. 
B. Mercaptoacetic acid with 20 mgm./liter cystine. 
C. Mercaptoacetic acid with 20 mgm. /liter gelatin. 


was increased, while the concentration polarization suffered a decrease of 
about 10 mv. (Fig. 1A). The steady state deposits obtained at these low polar- 
izations had a characteristically coarse appearance under the microscope. 
These facts suggest that a gradual change in surface conditions, sufficient to 
decrease the true current density, is superimposed on the depolarizing action 
of the MAA. It seems reasonable to conclude that, in addition to the 15 mv. 
measured concentration polarization, there remains at the steady state about 
20 mv. due to hydrogen ion interference (5). 

The addition of chloride in low concentration caused further depolarization. 
Both the total and concentration polarizations at steady state, with 10 mgm./ 
liter MAA, passed through a minimum at about 10 mgm./liter chloride ion 
(Fig. 2). The steady state polarization in the presence of chloride was also 
established slowly, just as in its absence. This greater depolarization due to 
chloride appeared to be accompanied by greater roughness of the cathode 
deposit. At the 20 mv. level of total polarization the crystal outgrowths were 
about 80 microns long. It should be noted, perhaps, that the concentration 
polarization at higher chloride concentrations increased to a limiting value of 
about 20 mv. 

Since the polarization was decreased by MAA but increased by cystine (5) 
or gelatin (2), it was of interest to study the behavior when both depolarizing 
and polarizing addition agents were present. When various amounts of MAA 
were added with a fixed amount (20 mgm./liter) of cystine, the steady state 
polarization was lowered to a limiting value, the magnitude of the decrease 
being of the same order as that observed in the absence of cvstine (Fig. 1B) 
Moreover, about 5 mgm.,litere MAA gave maximum depolarization in either 
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case. The 75 mv. decrease in polarization caused by MAA in the presence of 
cystine includes a 15 mv. decrease in concentration polarization; the difference, 
60 mv., is to be compared with the corresponding difference of 55 mv. obtained 
with MAA alone. 
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Fic. 2. Cathode polarization — chloride concentration relation in the presence of 10 mgm./ 
liter mercaptoacetic acid. 

Fic. 3. Cathode polarization - chloride concentration relation with 20 mgm./liter cystine 
and with 20 mgm./liter cystine and 10 mgm./liter mercaptoacetic acid. 


Study of the polarization-time relations when both MAA and cystine were 
present showed that during the first few seconds of electrolysis the total polar- 
ization values were as low as 60 mv. A rapid increase to a maximum after one 
or two minutes was followed by approach to a steady state during the next 
two to three hours. The steady state deposits, when both addition agents were 
present, were smooth and had none of the gray tinge imparted to the deposit 
by cystine alone. The following data were obtained with 20 mgm./liter cystine 
and different concentrations of MAA: 








Total polarization (mv.) 








Time Mercaptoacetic acid concentration (mgm. /liter) 
1 5 10 15 

0 (Initial maxima not measurable) 

2 sec. 80 85 73 

} min. 155 132 113 93 
4 min. 188 158 125 107 
1 min. 203 170 142 110 
2 min. 207 173 140 108 
10 min. 209 183 150 114 
20 min. 211 182 153 120 
30 min. 209 179 153 123 
40 min. 208 176 154 130 
110 min. 201 166 152 149 
120 min. 202 167 153 150 
290 min. 202 161 159 159 


330 min. 201 161 161 160 
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As indicated, the higher concentrations of MAA accentuated the depolar- 
ization during the early stages of electrolysis, though not at the steady state. 

Addition of small concentrations of chloride practically eliminated the 
influence of MAA in the presence of cystine (Fig. 3). It should be noted, 
however, that with excess chloride the total steady state polarization in the 
presence of MAA was about 15 mv. lower than in its absence. Also, the 
levelling-off of the total polarization curve required a greater amount of 
chloride when MAA was added to the electrolyte. The presence of MAA with 
excess chloride and 20 mgm./liter cystine did not affect the concentration 
polarization, which was about 20 to 25 mv. The polarization-time curves with 
chloride present were essentially the same as those obtained with the same 
amount of cystine in the absence of MAA (5). 

Experiments with a combination of 20 mgm./liter gelatin and different 
amounts of MAA showed an effect on the steady state polarization similar to 
that observed with cystine (Fig. 1C). Addition of chloride to such a system 
gave a polarization — chloride concentration relation similar in its essential 
features to that obtained with gelatin and chloride in the absence of MAA (4). 
The polarization—time relations were rather complex. They resembled those 
obtained with small concentrations of thiourea (5) in the respect that the 
polarization increased rather sharply after about one hour’s electrolysis, after 
which it either increased further, or decreased slowly to the steady state value, 
depending on the concentration of chloride. 


DISCUSSION 


The immediate depolarizing effect of MAA, shown by initial polarization 
values, indicates that the activation overpotential was reduced to but a few 
millivolts. Accompanying the rough surface laid down, a further decrease in 
activation overpotential, hydrogen ion interference, and concentration polar- 
ization gradually occurred, probably because of decrease in true current 
density with an increase of true cathode area. 

The behavior of MAA is in striking contrast with that of cystine, which 
appeared to leave the activation overpotential unaltered, but to increase the 
total polarization by adsorption on the cathode (5). If reference is made to the 
views of Lyons (3) the difference in behavior might be ascribed to a higher 
activity of cystine and a lower activity of MAA, relative to that of water, at 
the cathode surface. This might be expected since positively charged cystine, 
but not the neutral MAA, should tend to accumulate at the cathode surface. 
According to this point of view, such differences in activity of the co-ordinating 
species may be reflected in the relative activation overpotentials involved. 

The observed additivity of the cystine and MAA effects at steady state 
gives clear indication that the two substances act in large measure inde- 
pendently. If, as argued previously (5), the aquo—copper complex is discharged 
in the presence of cystine, the reduction in activation overpotential with MAA 
is probably due to the ready discharge of the MAA-—copper complex. 

Although MAA should noi accumulate at the cathode as a result of electro- 
static attraction, ii might well be readily adsorbed. Indeed, the behavior of 
MAA n the presence of cystine during the early stages of electrolysis suggests 
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that preferential adsorption of the MAA probably does occur prior to electro- 
lysis. This could account for the observation that the depolarizing effect with 
higher concentrations of MAA is greater during the early stages than at steady 
state. However, the hindrance to the adsorption of cystine by such adsorbed 
MAA could be slowly overcome by gradual acc&mulation of cystine at the 
cathode surface. If MAA in the adsorbed phase were present as a readily 
dischargeable MAA-copper complex, it would not contribute to increase in 
polarization. 

The additional depolarization caused by chloride in the presence of MAA 
apparently arises from increased roughening of the surface when chloride is 
present. This might be due to discharge of a more readily dischargeable 
chloro-MAA-copper complex, the presence of which is assumed, rather than 
the MAA-copper complex. Support for this assumption may be found ina 
previous argument (5) that chloride, when present alone, does not affect the 
activation overpotential. Hence, it does not appear that the depolarizing 
effect of chloride in the presence of MAA could be due to any readily dis- 
chargeable chloro—-copper or chloro—aquo—copper complexes. For chloride 
concentrations above that corresponding to the minimum in the polarization — 
chloride concentration curve (Fig. 2), adsorption of cuprous chloride (5) 
might be expected to decrease the active surface area of the cathode, hence 
increase the true current density. This, in turn, might be expected to increase 
the difference between total and concentration polarization and this is ob- 
served. The 20-mv. plateau in the concentration—polarization curve (Fig. 2) 
might be regarded as a maximum diffusion and convection effect with in- 
creasing true current density. 

Since the effect of low concentrations of chloride in the presence of both 
cystine and MAA more closely resembles its effect with cystine alone than 
with MAA alone (Fig. 3), the chloride effect is preferential in favor of cystine. 
For chloride concentrations above the minimum polarization point, more 
chloride appears to be necessary to produce the limiting maximum polar- 
ization (due to cuprous chloride (5)), when MAA is present with cystine than 
when cystine is present alone. Moreover, the effect of MAA in this combination 
is to lower the limiting maximum, which indicates a Cecrease in activation 
overpotential alone since the concentration polarization, hydrogen ion inter- 
ference, and adsorption polarization due to cuprous chloride would be essen- 
tially the same in the two cases. These effects are to be expected if some of the 
chloride not tied up in the chloro—cystine-copper complex (5) associates with 
the MAA, possibly as the readily dischargeable chloro-MAA-copper complex. 
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THE CRYSTAL STRUCTURES OF SOME INTERMETALLIC 
COMPOUNDS OF PLUTONIUM! 


By O. J. C. RUNNALLS 


ABSTRACT 


The crystal structures of the following binary intermetallic compounds of 
plutonium are reported: PuAls, PuAls, PuAl,, PuBe1s, PuCoe, PuFes, PuMns, 
PuNiz, PuNis, and PuzNiiz. In addition, the unit cell dimensions are reported 
for PuAgs. 


INTRODUCTION 


It is now possible to report on the crystal structures of intermetallic com- 
pounds of plutonium, because of a recent declassification decision. X-ray data 
have been compiled in this paper for 11 such compounds. The present data 
are compared with American (5) and Russian (9) data released recently, in 
Appendix I at the end of the paper. 

All X-ray powder photographs were taken on a 14.3 cm. diameter General 
Electric camera, using Ni-filtered Cu radiation. The single crystal photographs 
were taken on a G.E. rotation camera of 5 cm. radius. The wave-lengths used 
in the calculations were 1.5418 A for Cu K, and 1.5405 for Cu Ka,. 


EXPERIMENTAL 

1. Plutonium—Aluminum Alloys 

Plutonium—aluminum alloys were prepared in BeO crucibles by the re- 
duction of 99.5% pure plutonium trifluoride with 99.99% pure aluminum in 
vacuum at 900°C. Three intermediate Pu-Al phases have been identified 
using X-ray diffraction analyses—PuAls, PuAls, and PuAl,. 

(a) PuAl, 

A powder diffraction pattern showed that PuAl, is face-centered cubic with 
do = 7.831+40.005 A. The compound is isostructural with UA, (11) and, 
therefore, has the MgCupz structure. The face-centered positions in space 


group Fd3m are 
8 Pu in 0, 0, 0; 3, 4, 3 


16 Al in §, §, 3; §, i, 3; i, $, i; i, i, . 


The calculated density is 8.10 gm. cm.~*, assuming eight PuAl, molecules 
per unit cell. The interatomic distances are tabulated in Table I. 


(6) PuAls 

The powder diffraction pattern for PuAl; proved more complex than the 
simple cubic UAl;, where ay = 4.287 A (11). However, approximately one-third 
of the diffraction lines could be indexed on a simple cubic pattern of ao = 4.30 
A. Hence, it seemed probable that the PuAl; configuration was the result of a 
minor shift in the UAlI;-type cubic close-packing. 


1Manuscript received September 8, 1955. _ 
Contribution from the Chemistry and Metallurgy Division, Atomic Energy of Canada Limited, 
Chalk River, Ontario. Issued as A.E.C.L. No. 267. 
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Single crystals of PuAl; were separated from a 40 wt. % Pu-Al alloy after 
dissolving the aluminum matrix in 3 N NaOH. Several of the hexagonal- 











TABLE I 
INTERATOMIC DISTANCES IN PuAl, 
Atom Neighbor Number of neighbors Distance, A 
Pu Pu 4 3.39 
Al 12 3.25 
Al Pu 6 3.25 
Al 6 2.77 





shaped crystals illustrated in Fig. 2 proved suitable as single crystal X-ray 
specimens. A series of rotation photographs revealed that the primitive cell 
was hexagonal with lattice dimensions 


ao = 6.08+40.01 A 
14.40+0.03 A. 


Co 


The calculated density is 6.92 gm. cm.~*, assuming six molecules per unit cell. 
A Laue photograph of a PuAl; crystal exhibited dihexagonal symmetry, 
identifying the point group as 622, 6mm, 6m2, or 6/mmm. 

A model for the unit cell consistent with the observed dimensions was con- 
structed using six close-packed planes, each containing one PuAl; molecule 
(Fig. 1). The model is derived by stacking the first four layers in cubic close- 
packed positions similar to UAl;, and inserting a mirror plane at ¢ = }, i.e. 








Fic. 1. An approximate model of the PuAls unit cell. 


[ABCACB]JABCAC—. This configuration is described in the International 
Tables (7) by the space group P6m2, or, as pointed out by the Los Alamos 
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group (8), P6;/mmc. Calculated intensities are reported in Table II for the 
following atomic positions in P6m2:* 

1 Pu in (a) 0, 0,0 
1 Pu in (6) 0, 0, $ 
2 Pu in (h) 4, 3,254, 3,252 =3 
2 Pu in (4) 4%, 4, 2; $, 4,2;2 = 4 
3 Al in (j) x, Z, 0; x, 2x, 0; 2%, ,0;x% = —}4 
3 Al in (Rk) x, Z, 4; x, 2x, $; 2%, Z,4;% = —} 
6 Al in () x, £, 2; x, 2x, 2; 22, Z, 2; x, £, 2; x, 2x, 2; 2%, Z,2;x = —},2 ="} 
6 Al in (m) x = 3,2 =} 
TABLE II 
POWDER DIFFRACTION DATA FOR PuAl, 
sin*9 I 
hkl 
Calc. Obs. Obs.* —Cale.t 
10.1 0.0243 0.0250 w 2.4 
00.3 0.0258 _ abs. 0 
10.2 0.0329 0.0337 s 5.0. 
00.4 0.0459 — abs. 0 
10.3 0.0472 0.0478 s 4.4 
re] — 0.0652 S ry 
10.4 oes} 0.0681 m (2, 
00.5 0.0717 _ abs. 0 
11.2 0.0758 —_ abs. 0 
20.0 0.0857 a abs. 0 
20.1 0.0886 0.0896 w 1.2 
11.3 0.0901 os abs. 0 
10.5 0.0931 0.0947 vw 0.5 
20.2 0.0972 0.0981 ~ 3.0 
00.6 0.1032 0.1037 m 1.9 
20.3 0.1115 0.1121 s 3.4 
10.6 0.1246 abs 0 
20.4 0.1316 0.1318 m 2.0 
11.5 0.1360 — abs 0 
00.7 0.1404 — abs 0 
12.0 0.1501 _ abs. 0 
12.1 0.1529 0.1540 vw 0.5 
Fy ae 0.1582 vw +3 
: .161 1. 
10.7 oieios 0.1625 m {03 
11.6 0.1675 0.1679 m+ 2.4 
12.3 0.1758 0.1760 m 1.6 
00.8 0.1834 — abs 0 
20.6 0.1889 a abs. 0 
ey > — 0.1933 m— ng 
; R 
12.4 0.1959 0.1957 m— 10 
h .2044 5 
10.8 0.2049 0.2046 v— 0 
30.3 0.2187 - abs. 0 
12.5 0.2217 0.2220 w- 0.3 
20.7 0.2262 0.2268 w- 0.3 
00.9 0.2321 — abs. 0 
30.4 0.2384 — abs. 0 
22.0 0.2572 0.2583 m 1.4 
13.0 io abs. 0 
*s = strong, m = medium, w = weak, vw = very weak, and 
abs. = absent 
tl a |F/* rity +cos? 26) /sin* cosé]. 
*The equivalent positions in P6;/mmc are 2 Pu in M: 4 Pu in (f) with = 1/12, 6 Al in (h) 
with x = 4, and 12 Al in (k) withx = ands = 7/12. 
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The intensities of neighboring reflections only were compared, since no ab- 
sorption correction was used in the calculations. Since the calculated intensities 
agreed with those observed on the powder diffraction film, the unit cell model 
appeared a reasonable one (see Table II). 

The above solution may be considered only an approximate one, however, 
since weak reflections have been observed for 00.4, 00.8, 00.10, 00.14, and 
00.16 by the Los Alamos group on Weissenberg patterns (8). Stambaugh 
found that the interplanar distances in the [00.1] direction were 0.162 +0.002 co 
for AB and CA, and 0.176+0.004 cy for BC, instead of the equiplanar distance 
of 0.167 co (5). Unfortunately, this solution is not considered unique since 
satisfactory intensity checks for all kk./ values were not completed (5). 

If all the Pu atoms were equidistant in the PuAl; cell the expected length 
of the cp axis would be 14.88 A, instead of the observed 14.40 A, to conform 
with the observed Pu-Pu separation in the [10.0] direction. Stambaugh’s 
results indicate that the 0.48 A shrinkage in cy is confined to those planes which 
do not have the UAI;-type stacking sequence; i.e. if the shrinkage was dis- 
tributed equally over the planes BAB and CAC the interplanar distances in 
the [00.1] direction would be 0.164 co for AB and CA, and 0.172 co for BC. 


(c) P UAl, 

A 20 wt. % Pu-Al alloy was reacted with 3 N NaOH to dissolve the alumi- 
num matrix. The powder diffraction pattern of the crystalline residue was 
complex, and similar to the UAI, pattern. Single crystals of PuAl, were pre- 
pared by cooling a molten 20% Pu-Al alloy at 100° C. per hr., and dissolving 
away the excess aluminum in NaOH. One of the small needlelike crystals 
(Fig. 3) was mounted in a quartz capillary. 

A series of rotation photographs showed that PuAl, has an orthorhombic 
unit cell with dimensions similar to UAI, (see Table III). The calculated dens- 
ity is 6.10 gm. cm.~*, assuming four molecules per unit cell. The spectra 
found missing by Borie (3) in the UAl, analysis were missing in the PuAl, 
pattern also; i.e. the reflections present were 


(a) hkl, only for h+k+/ = 2n 

(6) hk O, only for h = 2n and k = 2n 
(c) hOl, only for h+/ = 2n 

(d) Oki, only for R+/ = 2n. 











TABLE III 
UNIT CELL DIMENSIONS FOR PuAl, and UA, 
PuAl, A UAL, (3), A 
Qo 4.42+0.02 4.41+0.02 
bo 6.26+0.02 6.27 +0.02 
Co 13.66 +0.03 13.71+40.03 





These data indicate that the cell is body-centered with an 00/ glide plane 
and may be described by either the space group Ima2 or Imma. 
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Fig. 2. Single crystals of PuAls. 


Fig. 3. Single crystals of PuAl,. 
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A visual comparison of the intensities on the PuAl, and UAl, powder 
patterns showed the two to be identical. Hence, Borie’s description for UAl, (3) 
is applicable to PuAl, using atomic positions in space group Jmma. 


(0, 0, 0; 3, " + 

4 Pu in (e) 0, i, z; 0, 
4 Al in (e) 0, 3, 2; 0, 
4 Al in (6) 0, 0, 3; 0, 
8 Al in (hk) 0, pas 0, 


Singer has concluded that the value z = 0.113 for the 4 Pu atoms in (e) gives 
better intensity agreement than z = 0.111 (5). The interatomic distances are 
listed in Table IV. 


= 0.111 
—0.111 


nN 
a oN 
| 


= tol leo leo 
Nt wie Nt 


; 0, 3+y, 2; 0, 4—y, 3; 7} = — 0.033, z= 0.314. 











TABLE IV 
INTERATOMIC DISTANCES IN PuAl, 
Atom Neighbor Number of neighbors Distance, A 
Pu(4e) Al(4e) 2 3.13 
Al(4e) 1 3.03 
Al(4b) 4 3.11 
Al(8h) 4 3.01 
Al(8h) 2 3.29 
Al(4e) Pu(4e) 2 3.13 
Pu(4e) 1 3.03 
Al(4b) 4 3.11 
Al(8h) 4 2.79 
Al(8h) 2 3.09 
Al(4d) Pu/(4e) 4 3.11 
Al(4e) 4 3.11 
Al(46) 2 3.13 
Al(8A) 2 2.55 
Al(8h) Pu(4e) 2 3.01 
Pu(4e) 1 3.29 
Al(4e) 2 2.79 
Al(4e) 1 3.09 
Al(4d) 1 2.55 
Al(8h) 2 2.82 
Al(8h) 1 3.54 
Al(8h) 1 2.72 





2. Plutonium-—Beryllium Alloys 

Plutonium-beryllium alloys were prepared in BeO crucibles by the reduction 
of plutonium trifluoride with powdered beryllium metal, 99.8% pure, in 
vacuum at 1100—1200° C. At these temperatures the beryllium fluoride product 
readily distilled, leaving a fluoride-free alloy. 

The powder diffraction pattern of the intermediate phase PuBe.; was 
readily interpreted since the compound is face-centered cubic and is iso- 
structural with UBej;. The lattice constant, ao, decreases from 10.284+0.001 A 
on the Be-rich side to 10.278+0.001 A on the Pu-rich side, indicating some 
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small range of solid solubility. The calculated density, assuming eight formula 
weights of PuBejs, is 4.35 gm. cm.~*. 

The compound UBe; has been found isostructural with NaZnis and is 
described by the space group Fm3c (1). The NaZn; parameters reported by 
Zintl and Hauche (15) have been refined recently by Shoemaker et al. (14). 
These refined parameters, y = 0.1806 and z = 0.1192, were used in calcu- 
lating the interatomic distances in the PuBe,; cell (Table V). 











TABLE V 
INTERATOMIC DISTANCES IN PuBe1s 
Atom Neighbor Number of neighbors Distance, A 
Be;(0, 0, 0) Bex1(0, y, 2) 12 2.22 
Bex: Ber1(0, z, $—y) 2 2.15 
Bex(0, 0, 0) 1 2.22 
Ber1(z, $—¥y, 0) 2 2.25 
Berr(z, 0, y) 4 2.31 
Ber1(0, y, 2) 1 2.45 
Pu(3, 4, 3) 2 2.99 
Pu(}, 3, 3) Be11(0, y, 2) 24 2.99 





The observed contraction of PuBe:; on the Pu-rich side is somewhat sur- 
prising, since the Pu atom is about 35% larger than the Be atom. The iso- 
structural NpBe;; lattice also contracts, on the Np-rich side (12). A similar 
phenomenon has been observed by Bradley and Taylor (4) for the Al-rich 
side of the phase NiAI; i.e. the lattice spacing decreases rapidly with an in- 
creasing aluminum retio. The latter effect has been attributed to the generation 
of nickel vacancies in the lattice as the aluminum ratio increases. A similar 
_ defect structure, Be-deficient, may exist in Pu-rich PuBeis. 


3. Plutonium — Transition, Metal Alloys 


Alloys of plutonium with the transition elements manganese, iron, cobalt, 
and nickel have been prepared by heating an intimate mixture of plutonium 
trifluoride and transition metal powder, 99.99% pure, in the presence of lithium 
vapor at 950° C. The product was then heated at 1100° C. for 15 min. Satis- 
factory Pu-Fe and Pu-Ni alloys were prepared in BeO crucibles. The best 
Pu—Co and Pu-Mn alloys, however, were prepared in Ta containers, since the 
latter alloys soaked into BeO. 

(a) PuX2-type Phases 

X-ray powder photographs of alloys containing 65-70 wt. % Pu showed a 
face-centered cubic phase, isostructural with UFe: (2). Two separate prep- 
arations of PuFe: showed different lattice constants, indicating a range of 
composition for this phase. The observed lattice dimensions and calculated 
densities for the PuX, compounds are listed in Table VI. All four compounds 
have the MgCuz structure in space group Fd3m, with eight formula weights 
per unit cell. Interatomic distances are shown in Table VII. 
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TABLE VI 
UNIT CELL SIZE AND X-RAY DENSITY FOR PuX2-TYPE PHASES 














Compound Lattice dimension, A Calculated density, gm. cm.~* 
PuMn: 7.290 +0.005 11.96 
PuFe: (a) 7.150+0.005 12.74 
(6) 7.190+0.005 12.53 
PuCo; 7.075 +0.005 13.39 
PuNi: 7.16 +0.01 12.90 
TABLE VII 


INTERATOMIC DISTANCES IN THE COMPOUNDS PuX:2 
WHERE X = Mn, Fe, Co, or Ni 














Distance, A 
Number of —. . 
Atom Neighbor neighbors PuMne (a) (b) PuCo. PuNie 
Pu Pu 4 3.16 3.10 3.12 3.06 3.10 
xX 12 3.02 2.96 2.98 2.93 2.96 
x x 6 2.58 2.53 2.54 2.50 2.53 
Pu 6 3.02 2.96 2.98 2.93 2.96 





(6) PuNis 
A powder photograph of a Pu-Ni alloy near the composition PuNi,, 45 wt. % 
Pu, showed a single phase which was indexed on a hexagonal lattice with di- 


mensions 
ao = 4.875+0.005 A, 


co = 3.970+0.005 A. 


The X-ray data resembled closely those for the compound ThNis, which has 
the CaZns structure (6). Calculated intensities based on this structure are in 
reasonable agreement with the observed powder data for PuNis, as shown in 
Table VIII. 

Thus, PuNis may be described by the CaZn, structure with the following 
atomic positions in space group P6/mmm: 


1 Pu in0O,0,0 
2 Ni; in 3, 3, 0; %, 3,0 
3 Nigr in 3, 0, $: 0, 3, 3; 4, 3, }. 


The calculated density is 10.82 gm. cm.—*. 
Interatomic distances are listed in Table IX. 


(c) PusNisr 
Since PuNi, proved to be isostructural with ThNis, a search was made for 
a Pu-Ni compound isomorphous with Th2Nii7. A phase with an X-ray pattern 
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TABLE VIII 
POWDER DIFFRACTION DATA FOR PuNis 
sin’? 3 
hkl 
Calc. Obs. Obs.t Calc. 
10.0 0.0333 0.0348 m— 246 
10.1 0.0710 0.0731 s 1109 
11.0 0.1000 0.1029 m 547 
20.0 0.1307 0.1365 m 536 
11.1 0.1377 0.1408 s+ 1400 
00.2 0.1508 0.1523 m— 341 
20.1 0.1711 —_— abs. 0 
10.2 0.1841 0.1881 w- 70 
21.0 0.2317 0.2381 w- 51 
11.2 0.2509 0.2538 m 275 
21.1 0.2711 0.2743 m 312 
20.2 0.2842 0.2870 m+ 320 
30.0 0.3001 0.3031 wt 102 
30.1 0.3378 0.3415 m 321 
00.3 0.3394 —_ abs. 10 
10.3 0.3727 0.3736 wt 94 
21.2 0.3842 0.3860 w 49 
22.0 0.4001 0.4039 m 201 
= 0 on 0.4345 vw 21 
| k 43 
11.3 jase} 0.4408 {ote 
30.2 ror 0.4525 wt 109 
31.1 .4711 : 135 
20.3 carat} 0.4735 =- { 0.2 
40.0 0.5213 0.5284 vw 64 
’ ie oa 0.5532 m - 
| 40.1 ; 1 
21.3 osvat} 0.5748 = (ut 
31.2 0.5843 0.5878 vw 30 
00.4 0.6028 0.6048 vw 43 
104 0.6367 oe ~~ 1B 
k r 1 
30.3 red 0.6405 m+ ft 
32.1 0.6712 0.6746 w 110 
= ota 0.6875 w a 
41. ; 1 
11.4 0.7033} 0.7088 m { 85 
20.4 0.7354 125 
41.1 0.7359 0.7388 s 335 
22.3 0.7375 34 
31.3 0.7715 0.7740* w 123 
32.2 0.7830 0.7852* vw 36 
50.0 0.8321 — abs. 10 
21.4 0.8353 0.8360* vw 40 
41.2 0.8495 0.8513* m 227 
50.1 0.8697 0.8725* w- 81 
40.3 0.8713 a abs. 0.6 
33.0 0.8987 0.8993* w- 71 
30.4 0.9019 0.9026* w 142 
42.0 0.9319 0.9337* m— 242 
33.1 0.9363 0.9374* .- m+ 334 
00.5 0.9411 _ abs. 14 
42.1 0.9696 — abs. 4 
32.3 0.9712 0.9714* m+ 354 
10.5 0.9744 0.9740* w 186 
50.2 0.9827 0.9826* vw 69 
*Cu Ka, reflection. 


ts = strong, m = medium, w = weak, vw = very weak, 
abs. = absent, 
tl « | F |? pl(1 +cos*86) /sin*? cosé] 
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TABLE IX 
INTERATOMIC DISTANCES IN PuNis 











Number of 
Atom Neighbor neighbors Distance, A 

* Pu Nir 6 2.82 
Nir 12 3.14 

Nir Pu 3 2.82 

Nir 3 2.82 

Nir 6 2.44 

Ni u 4 3.14 

Nir 4 2.44 

Nir 4 2.44 





similar to, but more complex than, PuNis was observed in alloys containing 
30-35 wt. % Pu. This pattern was solved using a hexagonal lattice of di- 
mensions 

ay = 8.30+0.01 A, 


co = 8.00+0.01 A. 


The isomorphous phase Th2Nii; has a) = 8.37 A and co = 8.14 A (6). Since 
the intensities in the powder patterns of Th:Ni:7 and Pu:Ni:7 are closely re- 
lated it seems reasonable to assign the Th,Nij7 structure to Pu2Nii7. The fol- 
lowing approximate atomic positions apply in space group P6;/mmc, for two 
molecules per unit cell: 

2 Pu; in (6), 2 Puy; in (d), 6 Ni; in (g), 12 Ni: in (7) with x = 4 and y = 0, 
12 Niyy; in (Rk) with x = 3 and z = 0, and 4 Nivy in (f) with z = 0.11. 

4. Plutonium-—Silver Alloys 


Plutonium-silver alloys were prepared by heating in vacuum metallic Pu 
and fine-grain Ag of 99.97% purity in Ta crucibles at 1050° C. The Pu metal 
was prepared in 300 to 1000 mgm. amounts by the reduction of 99.5% pure 
PuF; with Li vapor at 950° C. During the alloying step the LiF slag covering 
the Pu metal distilled to the glass bulb surrounding the furnace assembly, 
leaving a clean alloy surface. 

Powder diffraction patterns of Ag-rich alloys showed that a single phase 
existed at 40-45 wt. % Pu, i.e. PuAgs. No attempt was made to apply graph- 
ical solution methods to the complex pattern since large hexagonal, columnar 
crystals could be separated from alloys approximating the composition PuAg;. 
These proved satisfactory as single crystal X-ray specimens. 

A series of rotation photographs showed that the PuAg; unit cell was hexa- 
gonal. Measurement of the layer line spacings gave lattice dimensions of 


ao = 12.72+0.05 A, 
co = 9.39+0.03 A. 


These dimensions were refined by indexing the diffraction spots in the back 
reflection region of the zero layer lines. The diffraction angle, 6, was measured 
with a steel scale on a film which had been mounted in the camera according 
to the method of Straumanis. The pertinent X-ray data from a rotation about 
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the cp axis are given in Table X. The crystal was adjusted for a rotation about 
the a» axis so that all but the 00./ planes were tilted away from the vertical. 
The Cu Ka, diffraction spot from 00.12 was indexed and 6 measured on the 


resulting photograph. The measured d-spacing was 0.7835 A. The refined unit 
cell dimensions are 


ao = 12.730+0.003 A, 
Co = 9.402+0.005 A. 
TABLE X 


X-RAY DATA FROM A ROTATION PHOTOGRAPH OF PuAg; 
ABOUT THE Co AXIS 











hk.d dovs.,A* ao, A 
87.0, 13.0.0 0.8479 12.728 
96.0 0.8431 12.730 
12.2.0 0.8405 12.728 
10.5.0 0.8333 12.729 
13.1.0 0.8148 12.727 
12.3.0 0.8017 12.727 
88.0 0.7955 12.728 
97.0 0.7934 12.728 
14.0.0, 10.6.0 0.7874 12.729 
- 11.5.0 0.7776 12.730 





*Obtained with Cu Ka, radiation. 


The density of 450 mgm. of selected PuAg; crystals was measured with a 
pycnometer using ethylene dibromide as the immersion fluid. The resultant 
density was 


Pmeasurea = 11.16 gm. cm.~*. 


If it is assumed that the unit cell contains 16 formula weights of PuAgs, the 
density calculated from the X-ray data agrees closely with the measured 
value, i.e. ‘ 


Peaiculatea = 11.33 gm. em. 


The only systematic extinctions observed were of the type 00./ where / = 2n+1, 
indicating that the possible space groups for PuAg; are P6;, P6;/m, and P6;22. 

Since a structure-type suggesting a solution for the PuAg; structure was 
not found in the literature, no further attempt was made to establish the atom 
positions in the unit cell. 


DISCUSSION 


Many more data on the binary intermetallic phases of neptunium, plutonium, 
and americium are required before the alloying systematics of the transuranic 
elements are understood. Sufficient information is available, however, to in- 
dicate that the alloying properties of the actinides are not necessarily similar 
in a specific alloy environment. The element plutonium, for example, exhibits 
isomorphism with uranium in the compounds PuAl, and PuAl, but not in PuAl, 
and with thorium in PuNis and Pu,Ni;; but not in PuNis. Further marked 
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differences in alloying properties are illustrated by the absence of compounds 
of the type PuAl (5, 13) and AmAlI (13), and Pu;Al (5) in the systems U-Al 
and Np-Al. 

Variable alloying characteristics in the early members of the actinide series 
might be expected, according to Mott (10), because of a variable valency 
resulting from an electron interchange between the 5f and 6d ‘shells. Since 
existing evidence indicates that the binding energies for 5f and 6d electrons 
are nearly equal at neptunium, alloy data for neptunium and plutonium 
should prove especially important in characterizing the metallurgical system- 
atics of the actinides. 


SUMMARY 


X-ray data for eleven binary intermetallic compounds of plutonium have 
been obtained. These are listed in Appendix I, and are compared with Amer- 
ican results from the Los Alamos Laboratory (5). Russian results (9) for 
PuBe.;, PuFez, PuMne, and PuNi: are included in the Appendix. 

Nine of the compounds are isostructural with the corresponding uranium 
compounds. PuAl; has a structure not previously reported. PuAg; appears 
also to have a new structure but a complete structure determination was not 
carried out. 
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THEORY OF THE TRANSIENT PHASE IN KINETICS, 
WITH SPECIAL REFERENCE TO ENZYME SYSTEMS 
II. THE CASE OF TWO ENZYME-SUBSTRATE COMPLEXES! 


By Lupovic OUELLET AND KEITH J. LAIDLER 


ABSTRACT 


A theoretical treatment is worked out for the kinetic scheme 
E+S@2 (ES): @ (ES: ~ E+P 


in which two enzyme-substrate complexes are formed consecutively. The steady- 
state rate equations are obtained, and equations are given for the transient phase 
subject to the condition that the substrate concentration is greatly in excess of 
that of the enzyme. Some kinetic consequences of the “a 


discussed. 


In a previous paper (3) the reaction scheme 


E+S 2ES —~ E+P 


has been considered from the standpoints of the conditions under which the 
steady-state theory applies, and of the kinetic behavior during the transient 
phase which exists prior to the establishment of the steady state. Since several 
recent publications (1, 2, 4) have referred to the possibility that there may be 
several enzyme-substrate complexes formed in consecutive reactions we have 
thought it of interest to consider briefly the steady-state and transient-phase 
equations for such a system. We have confined our considerations to the case 
of two enzyme-substrate complexes, since the transient-phase equations be- 
come very complicated if more complexes are assumed. 


THEORY 
The system under consideration is 
; ki ke 
E + §S = (ES), 2 
Ry ks 
a-A—Fe So n 


ks 


ting equations are 





(ES)2 > E + P. 


ye Co—-"— Is 


p 


It is to be noted that the complexes are formed reversibly, the final products 

irreversibly. The concentrations of the various substances are indicated above. 

As discussed in the previous paper (3) the substrate concentration can be 

assumed to be essentially so during the transient phase provided that the initial 

concentration of substrate is much greater than that of the enzyme. 
The kinetic equations applicable to the above system are 


(1) Sr = RiSo(€o— 1 —y2) — (Ra +k: +h-2 ye 
[2] Jo = Re Wi— (Ra +ks) ye 
[3] p = ks 42. 


1Manuscript received October 17, 1955. 


Contribution from the Department of Chemistry, The University of Ottawa, Ottawa, Canada. 


146 











OUELLET AND LAIDLER: THEORY OF TRANSIENT PHASE IN KINETICS. II 147 


Steady State 


The steady-state equations are obtained by setting 3, and j2 equal to zero 
and solving Eqs. [1] and [2]. The solution for ye is 


os Rik2e€0S0 
2 = bi (R_-a-+Ro+ks)So-+ (R_1k-2+R_1ks-+Raks) 





[4] 
and the rate is therefore 


F i Rikeks€0So 
ky (R-o+ko+ks)sot+ (R_sk_2+k_ik3+hoks) ; 





(5) 
This may be expressed in the familiar form 


Vso 
Knt+so 





(6) 


where V, the maximum rate, is given by 


: Reok3€0 
V = Et 
7] k_otke+ks 


and Ky, the Michaelis constant, is 


k_yk_ot+kh_iks+hoks 


[8] Kem = (Bost he hs) 





If ks is very large the second complex (ES): has no stable existence, and the 
relationships then reduce to the familiar forms 


[9] V = ko €o 
[10] | = (R1+ke)/ki 
applicable to the case of the single complex. 


The Transient Phase 


The kinetic equations for the transient phase are obtained as follows. Elimi- 
nation of y; between Eqs. [1] and [2] gives rise to 


[11] Vo t+ Ho(Ri Sotk ithe +kot+ks) 
+ yo[Ri(Ro+k-2+ks)sotk k-othe ks] —hi ke 50 eo = 0. 
This may be written as 
[12] Jot Pi2t+Oy.—R = 0. 
The solution of this is 


[13] ye = +(R/Q)4+M exp {3[—P+V(P?—40)] t} +N 
exp {[3[—P—V/(P?—4Q)]t} 
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where M and N are constants to be determined from the boundary conditions. 
The condition ¢ = 0, ye = 0 leads to 


[14] M+N = —R/Q 
and ¢ = 0, j2 = 0 leads to 


15] M — P+Vv(P* —4Q) 
a N = —P+v(P*—40) 


The solution of Eqs. [14] and [15] leads to 
R P+V(P* —4Q) 








(16) M = — 6° <PLV(P*—4Q) 
and 

_R v(P*-40)-P 
7] N= —0° 3/7(P*—40) 


The expression for y2 is therefore 





18] y= 8 | PY E40) exp ta(—P—viP*—40)I) 
Fee expt i|-P—v(P'—40)14 J. 

This is of the form 

[19] yo = (R/Q)+Me¥!'+Ne*! 

where R, Q, M, and N are defined above and F and G are given by 

[20] F=}(P—/(P?—40Q)] 

[21] G=3[+P+/(P?—40)]. 


Insertion of Eq. [19] in Eq. [3] followed by integration then gives rise to the 
following expression for p as a function of time: 


‘ _ ksR, ae re 
[22] det leeds 1)+ 


The general form of this ascii is as shown in Fig. 1. When ¢ is sufficiently 
large the exponential terms vanish (since F and G are necessarily positive) 
and the equation reduces to 


EN —Gt_ 1). 


kR ,_ksM_ksN 


This linear relationship between p and ¢ corresponds to the establishment of 
the steady state. If this linear portion of the curve is extrapolated back to the 
time axis the intercept, which may be referred to as the induction period for 
the reaction, is given by 


[24] = =.) 


R\ FG 
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If the expressions for F, G, M, N, Q, and R are inserted into this relationship 
it is found that 


[25] 7= P/Q 


= Risothkitkot+kotks 
ki(ko+h_o+ks)sotk_isk_othikstheoks © 





[26] 


— 

oO 

a 

S STEADY STATE 

a. 

a TRANSIENT PHASE 

re) ‘ 

2 \ 

= \ INDUCTION PERIOD 

° ZW Sotk th th +k 

= ea UNTER OTL O 

' GAH) 
a f 








TIME 


Fic. 1. Schematic plot of amount of product against time, for the case in which there are 
two successive enzyme—substrate complexes. 


Using Eq. [8] this may be written as 


os Risothitkotkotks 


[27] — ki(kot+k-2t+ks)(SotKm) 





Periodic Solutions 


The interesting possibility of periodic behavior can be shown to arise if 
P?— 40 is less than zero. Algebraic analysis shows that this can happen only if 
ke > k_,. The necessary conditions can then be written as 


[28] ket+ko+ks—2~/[(ko—k1) ks] < ki Sothia < Reth_oths+ V[(ke—_1)ks). 


Under these conditions, Eq. [18] can be written as 


p91 9 = BRL exp P| (cos¥4Q-P* 





RP . V(4Q—P*)- ) 
+O740—P 5" 2 ‘ oF. 

This is the equation of a damped periodic variation, the period T of which is 

given by 


[30] T = 44//(4Q—F*). 
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Eqs. [25] and [30] yield, in terms of the measurable quantities r and 7, 





_2F 2V [I= (4x'r'/T")] 





[31] Q . 
and 
[32] pw 2t2vil- (4x°7*/T*)] 


T 


P and Q are not complex quantities, so that 
[33] T > 2ar 


is a necessary relation between the measurable quantities T and r. The fact 
that T must be so much greater than 7 makes it difficult to detect the peri- 
odicity experimentally. In ideal cases a plot of P against s, by extrapolation to 
s = 0, gives 


[34] Pyne = Rithe+hotks 
and the slope of the line will give k, directly. A similar plot for Q yields 
[35] Qemo = hi(k-st+hs)+he ks 


and the slope of the line is ki(k2+k_2+s). Equations [7], [8], [34], [35] and the 
slopes of P vs. so and Q vs. so provide six relations to determine five constants. 


DISCUSSION 


Certain special cases of the above equations are of some interest. In the 
first place, in the event that ks is very large (i.e. that the complex (ES); has 
only a fleeting existence) the induction period is given by 


{36} t = 1/[ki(sot+Km)]. 


This equation was previously quoted by Gutfreund (2), and it follows directly 
from Eq. [48] of the previous paper (3). Since Eq. [36] is of the same form as 
Eq. [27] it is clearly not possible to tell, from a study of the induction period, 
anything about the existence of the second complex. 

Another result of interest is obtained if so is sufficiently large. The induction 
period is then 


[37] tT = 1/(ke+k-2+hks). 


A plot of r(so+Km) against so would give this quantity as its slope. In the event 
that one of these three rate constants is much larger than the others the induc- 
tion period is thus, at high so, equal to the reciprocal of that constant. 
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VAPOR PRESSURES OF AQUEOUS SOLUTIONS OF SILVER 
NITRATE, OF AMMONIUM NITRATE, 
AND OF LITHIUM NITRATE! 


By A. N. CAMPBELL, J. B. FisHMAN, G. RUTHERFORD, 
T. P. SCHAEFER,” AND L. Ross 


ABSTRACT 


This paper is devoted to the direct determination of the vapor pressures of 
solutions of the nitrates of silver, of ammonium, and of lithium, at temperatures 
varying from 30°C. to 105°C. and at concentrations varying from 10 to 85 
weight % (for lithium nitrate, the limited solubility precluded measurements 
beyond 65%). From the vapor pressures, the enthalpies of evaporation of water 
(by a modification of the Clapeyron—Clausius equation), the differential heats of 
dilution, and the activities of water (as compared with the mole fractions of the 
solvent) have been calculated. From the results we conclude that the water of 
hydration of the ammonium and silver ions (if, indeed, these ions are hydrated at 
all) is very loosely attached, while that of the lithium ion is strongly bound. 


The present work was undertaken because it was thought that a knowledge 
of the vapor pressures at a series of temperatures would yield the heat of 
evaporation of water from solutions of different concentrations and hence 
throw some light, if only of a qualitative nature, on the firmness with which 
the different ions held their water of hydration. As the concentration of an 
electrolytic solution is increased there will be fewer molecules of water left 
for ionic hydration; at extremely high concentration there will be strong 
competition for the remaining water molecules. Using the concept of Stokes 
and Robinson (8) that the ions adsorb layers of water molecules in accordance 
with the Brunauer, Emmet, and Teller equation, it should become progressively 
more difficult to strip away the successive layers of water surrounding the 
ions; the last and most firmly bound layer should require a large amount of 
_ energy to remove it. Application of the Clapeyron—Clausius equation (though 
not in its normal form: see Discussion) to the vapor pressures of concentrated 
solutions should give the heat of evaporation and hence, perhaps, a measure of 
the difficulty of removing water from the ions. 

The problem of finding vapor pressures was first attempted by finding 
boiling points at different fixed pressures. After spending a year, however, 
on this method of attack we abandoned it because we found that, although 
we could control pressure and boiling point to any desired degree of constancy, 
we had no certainty as to the composition of the equilibrium liquid. Indeed, 
the work about to be described showed that we occasionally had composition 
errors equivalent to an error of 0.5° in voiling point. 

Because of this uncertainty in the composition variable of the boiling point 
method, we decided to turn to a method in which the composition factor would 
be known and invariable. The direct determination of vapor pressure in a 
closed system offers such a method. The loss of water by evaporation to pro- 
duce one atmosphere pressure in a closed svstem is negligible, even in the 
strongest solutions used. 


1Manuscript received October 8, 1956. 
Contribution from the Chemistry Department, University of Manitoba, Winnipeg, Manitoba. 
*Holder of a N.R.C. Bursary. 
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There has been surprisingly little experimental work done on the vapor 
pressure of aqueous electrolytic solutions, especially over a range of tempera- 
ture. Most of that which has been done is confined to the isopiestic measure- 
ment of vapor pressures for the determination of activity at 25° C. 

Our vapor pressure measurements have been utilized to calculate the heat of 
evaporation of water from the various solutions, the heat of dilution, and the 
activity of water as given by the ratio p/po. 


EXPERIMENTAL PROCEDURE 


The sources and purity of our materials have frequently been described 
elsewhere (1). All solutions were made up by direct weighing, using salts 
which, after purification, had been thoroughly dried; the lithium nitrate was 
always fused before use. For the determination of the vapor pressures of the 
more dilute solutions the differential manometer of Hartung (4) was used. 
It was possible to use this up to concentrations of 60% by weight for silver 
nitrate solutions but only up to 40% concentration for lithium nitrate. In 
the differential manometer one limb contains pure water and the other the 
solution. 

Fig. 1 represents Hartung’s apparatus as used by us. The method of use is 
described by Hartung but certain modifications are mentioned here. For 
instance, since we used mineral oil in our thermostat and worked up to 
temperatures of 105°, it was impossible to use ordinary rubber in the thermostat 
and neoprene was used for the bung through which the long limb of the mano- 
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meter passes. The long limb was also severed, about 10 cm. above the mercury 
reservoir, and a ball and socket joint introduced; this facilitated the installation 
and dismantling of the apparatus, which had to be done every time a new 
solution was introduced. A little silicone oil was allowed to float on top of 
both mercury levels in the manometer. This had the dual advantage of pre- 
venting the condensation of small amounts of water on the mercury surfaces 
(which, we found, produced distortion in the field of vision of the cathetometer) 
and, when silver nitrate solutions were used, of preventing mercury vapor 
entering the solutions and causing decomposition, as it does very readily. 

The necessity of removing the last trace of air in all vapor pressure measure- 
ments is well known, and for this purpose the procedure adopted was to freeze 
both bulbs in dry ice. The mercury level was then lowered and both bulbs 
evacuated continuously for the space of half an hour. The mercury level was 
then raised and the contents of the bulbs allowed to thaw. The above procedure 
was repeated at least four times. Finally the capillary leading to the pump was 
sealed off and the contents allowed to thaw for the last time. The solution was 
then agitated to ensure homogeneity. 

With the more concentrated solutions (70% by weight for silver nitrate, 
40% for lithium nitrate) it was impossible to use the differential manometer, 
since the limbs of the U-tube were only 20 cm. long, and with highly concen- 
trated solutions at higher temperatures the difference in vapor pressure from 
that of water became greater than 20 cm. of mercury. A direct barometric 
apparatus therefore became necessary. 

The apparatus is shown in Fig. 2. Dissolved air was removed by the same 
treatment as already described. In the more concentrated solutions now used, 
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the ‘salting-out’ effect rendered the solubility of air much less and the difficulty 
of removing dissolved air was proportionately reduced. 

All manometers were completely immersed in a tall rectangular copper tank 
furnished with glass sides. Because the thermostatic fluid was mineral oil it 
was necessary to use Buna-N rubber as gasket material for the glass windows. 
Measurements were made between 30°C. and 105°C. The usual procedure 
of using an immersion heater to keep temperature slightly below the operating 
temperature and controlling an electric light bulb as the source of extra heat, 
together with the use of three stirrers, gave a temperature fluctuation of not 
more than +0.02° C., over the whole range of temperature. 

Two cathetometers were used to measure differences in mercury levels, one 
a short range instrument which could be read to 0.01 mm., and another of 
greater range which could be read to 0.1 mm. Successive readings showed that 
it required about two hours to obtain equilibrium at the lower temperatures, 
while half an hour sufficed at the higher temperatures. All mercury columns 
were reduced to 0°C. The probable error does not exceed 0.2% and this 
makes the data good enough for most purposes. 


EXPERIMENTAL RESULTS 
The experimental results are given in Table I. 


TABLE I 


THE VAPOR PRESSURES OF SOLUTIONS OF SILVER NITRATE, OF AMMONIUM NITRATE, 
AND OF LITHIUM NITRATE AT DIFFERENT TEMPERATURES 














Silver nitrate Ammonium nitrate Lithium nitrate 
Conc., Temp., Press., Conc., Temp., Press., Conc., Temp., Press., 
wt. % "€. mm. Hg wt. % wi mm. Hg wt. % <.. mm. Hg 

9.98 30.06 31.64 10.00 30.00 31.51 10.00 30 30.48 
40.00 54.63 40.00 54.48 40 52.57 
50.00 91.37 50.00 90.70 50 87.83 
60.00 147.4 60.00 145.90 60 . 141.76 
70.00 230.4 70.00 227.17 70 221.40 
80.00 349.8 80.00 344.10 80 335.90 
90.00 517.5 90.00 508.2 90 497.20 
101.00 7748 100.00 733.2 100 718.35 
101.40 770.5 102 771.08 
19.98 30.06 31.57 20.00 30.00 30.90 20.00 30 27.83 
40.00 54.36 40.00 53.84 40 48.35 
50.00 90.81 50.00 88.94 50 80.67 
60.00 146.0 60.00 141.8 60 130.60 
70.00 227.5 70.00 219.3 70 203.93 
80.00 344.9 80.00 330.5 80 309.12 
90.00 509.0 90.00 486.5 90 456.21 
101.00 760.7 100.00 699.8 100 658.05 
102.00 750.6 105 784.04 
30.00 30.00 30.30 30.00 30.00 30.43 30.00 30 23.08 
40.00 52.63 40.00 52.00 40 40.22 
50.00 87.77 50.00 84.78 50 66.79 
60.00 141.3 60.00 134.7 60 109.42 
70.00 220.6 70.00 208.2 70 171.32 
80.00 334.8 80.00 313.0 80 261.16 
90.00 495.0 90.00 459.6 90 388.41 
102.00 7675 100.00 659.9 100 562.25 
104.00 758.4 
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DISCUSSION 


In order to obtain AH; (the molar enthalpy of evaporation of water from the 
different solutions) the following procedure was adopted: Using the Clapeyron— 
Clausius equation, in its classical form, the calculation must be restricted to a 
small range of temperature over which AH may be regarded as constant; such 
a restriction magnifies the experimental error. A very useful application of 
the Clapeyron—Clausius equation for the correlation of vapor pressure and 
latent heat data has, however, been given by Othmer (7). Using the symbols 
AH, and AH; for the molar enthalpies of evaporation of water from solution 
and from pure water respectively and rearranging the differential form of the 
Clapeyron equation, the following expression results: 


(1) (1/4) (dPi/P1) = dT/RT”. 


The same expression may be written for any other material at the same 
temperature as: 


[2] (1/AH2)(dP2/P2) = dT/RT?. 


P, and P; are the vapor pressures of the two substances at the same tempera- 
ture T. Equating equations [1] and [2] and rearranging, equation [8] is obtained: 


[3] dP,/P, = (AHi/AH;2) (dP2/P2). 


With the usual assumptions as to the vapor being an ideal gas and the volume 
of the condensed phase being negligible, one obtains, in logarithmic form, 


[4] d(log P:)/d(log P2) = AH,/AH». 


If 4Hi/AH, is considered constant, equation [4] may be integrated to give 
equation [5], ; 


[5] log P, = (AH, /AH2) log P, +C. 


Hence, if the logarithm of the vapor pressure, P;, of a solution is plotted 
against the logarithm of the vapor pressure of water, P2, at the same tempera- 
ture, a straight line results which has for its slope the ratio of the molar enthal- 
pies of evaporation. This line is straight if the ratio AH,/AH?2 is constant over 
the temperature range in question and this is reasonably near the truth for 
water and aqueous solutions. Knowing the value of the ratio, and that of the 
latent heat of evaporation of pure water, AH, the latent heat of evaporation 
of water from solution is obtained. The best data for the latent heats of evapo- 
ration of water, and for vapor pressure, are contained in a paper by Goff and 
Gratch (3); they give an equation for vapor pressure of water in terms of 
temperature, which we have used throughout. The slopes of log P; versus 
log P2 were calculated analytically by the method of moments instead of by 
the more inaccurate graphical method. 

In Table II are given the values of AH;, the latent heat of evaporation of 
water from the various solutions, for a mean temperature of 50° C. For this 
temperature we have taken AH:, the heat of evaporation of pure water, to be 
10,245 cal.; this is the average of several direct calorimetric determinations 
by Johnson and Molstad (6). An examination of Table II shows that, for silver 
nitrate, AH for solution is not much different from that for pure water. The 
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slight difference is positive and increases with increasing concentration, i.e., 
less heat is required to evaporate water from solution than from pure water. 
Similar results have been obtained before. Thus, Hirschler (5) showed that 
the vapor pressures of certain saturated aqueous solutions, when plotted as 


TABLE II 


THE SLOPES AH,/AH2 OF LOG P; VERSUS LOG P2, AND THE VALUE OF 
4Hi, aT 50° C. (AH: = 10,245 CAL./MOLE) 


























Conc., 
wt. % Slope AH, /AHe2 OA, AH:—AH; 
Silver nitrate 
9.98 0.9982 10227 18 
19.98 0.9929 10172 73 
30.00 0.9960 10204 41 
40.00 0.9958 10202 43 
50.00 0.9948 10192 53 
59.29 0.9948 10192 53 
69.99 0.9895 10138 107 
80.05 0.9893 10135 110 
85.07 0.9799 10039 206 
Ammonium nitrate 
10.00 0.9916 10158 87 
20.00 0.9811 10047 198 
30.00 0.9702 9948 297 
40.00 - 0.9889 10130 115 
50.00 0.9613 9832 413 
60.00 0.9817 10054 191 
70.00 0.9765 9999 246 
80.00 0.9611 9834 411 
90.00 0.9523 9759 486 
Lithium nitrate 
10.00 0.9967 10211 34 
20.00 0.9969 10213 32 
30.00 1.0078 10325 — 79 
40.00 1.0063 10310 — 64 
50.00 1.0225 10476 +225 
57.28 1.0585 10844 —566 
64.953 1.0700 10962 —670 





log P vs. 1/T, give straight lines parallel to a similar plot for water. Since 
AH,—AH, is a small positive quantity and increases with increasing concen- 
tration, this means that heat is adsorbed when a mole of water is added to a 
large amount of solution (differential heat of dilution) and this amount of heat 
increases with increasing concentration. For ammonium nitrate, the differ- 
ential heat of dilution is also positive, but rather more pronounced, amounting 
to half a kilocalorie at the highest concentration. For lithium nitrate the heat of 
dilution is negative. Heat is evolved when lithium nitrate solutions are diluted 
and this seems to be in harmony with the accepted belief in the strongly 
hydrated lithium ion. 

In Table III, the activity of the water in solution, derived from the vapor 
pressure and the corresponding vapor pressure of pure water, is compared with 
the mole fraction of water (calculated on the assumption of non-ionized salt). 








158 CANADIAN JOURNAL OF CHEMISTRY. VOL. 34, 1956 


For silver nitrate, the agreement is surprisingly good between the mole fraction 
and the activity coefficient and it is essentially independent of temperature, 
i.e., Raoult’s law is obeyed, throughout the concentration range, far more 
closely than it should be for a solution of an electrolyte. Campbell and Kartz- 


TABLE III 


THE ACTIVITY OF WATER P/P» IN SOLUTIONS AT VARIOUS CONCENTRATIONS 
AND TEMPERATURES 








Temperature (° C.) 

















Conc., mole th 
fraction of water* 30 40 50 60 70 80 90 100 = 
Silver nitrate 
0.9883 .9906 .9872 .9872 .9860 9855 .9845 .9842 
0.9742 .9884 .9823 .9811 ._9766 .9731 .9707 -_9680 
0.9565 .9519 .9510 .9482 .9452 .9435 .9423 .9414 
0.9340 .9268 .9248 .9226 .9197 .9175 -9167 .9156 
0.9041 .9010 .8995 8962 .8936 .8922 .8902 .8880 
0.8017 8216 8291 .8188 8161 -8109 .8055 .8016 
0.7015 7171 .7134 .7109 -7083 
0.6234 .6299 .6250 
Ammonium nitrate 
0.9756 .9901 .9845 .9799 .9759 .9717 .9686 .9663 .9648 
0.9467 .9709 .9729 .9609 .9486 .9380 .9304 .9251 .9199 
0.9120 .9560 .9398 .9160 .9012 .8905 .8810 .8739 .8683 
0.8695 .8248 .8187 .8113 .8082 .8041 .8009 -7987 .7951 
0.8163 .8059 .7841 .7745 .7590 .7528 .7478 -7392 7312 
0.7478 .6825 .6679 .6649 .6581 .6537 .6502 .6456 .6404 
0.6557 .5714 .5629 .5500 .5498 .5455 .5432 .5335 
0.5262 .4270 .4197 .4120 .4060 .4011 





Lithium nitrate 





0.9719 9577 -9500 .9490 9485 .9470 9455 9455 .9452 
0.9387 8743 8737 8716 .8738 8723 8701 8675 -8659 
0.8993 7251 7269 7216 -7321 .7328 .7351 -7386 -7398 
0.8518 .6027 .5983 .6021 5977 -6007 .6053 .6091 -6105 
0.7928 .4269 .4224 .4314 4326 4372 4425 -4490 

0.7406 .2893 -3009 3078 3135 3241 .3328 .3410 3476 
0.67373 .2013 .2054 .2123 .2172 2245 2324 2396 





*Calculated on the assumption of no ionization, 1.e., the weight of silver nitrate is divided by 
the molecular weight. 


mark (2) have calculated the extent of ion-pair formation in silver nitrate 
solutions, but this is far from complete at concentrations for which the calcu- 
lation is valid and therefore it is impossible to account for the above obser- 
vation on the assumption that silver nitrate is only slightly ionized. For am- 
monium nitrate, however, the activity drops markedly with rising temperature 
and, for concentrations of 80 and 90% (mole fractions of 0.6557 and 0.5262 
water) the activits is much lower than the mole fraction. For lithium nitrate, 
the discrepancy between activity and mole fraction is still greater. Since 
activits and concentration are related, it would appear that the concentration 
of (free; water is somewhat less in ammonium nitrate solutions than the mole 
fraction would imply and, in lithium nitrate solutions, very much less. This 
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can be accounted for on the assumption that the silver ion is not (or very 
feebly) hydrated, the ammonium ion a little more, and the lithium ion very 
strongly hydrated. 

Finally, in Fig. 3, the vapor pressures of all three electrolytes, at different 
temperatures, have been plotted against mole fraction of solute. The figure 
brings out very clearly the fact that, at corresponding mole fraction and 
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temperature, the vapor pressures of the lithium nitrate solutions are much 
lower than those of the silver nitrate and ammonium nitrate solutions. The 
most obvious explanation of this is the one given above, viz. that the lithium 
ion holds its water of hydration much more firmly than do the silver and 
ammonium ions. The high viscosity of lithium nitrate solutions points in the 
same direction. 
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THE NUMBER OF POLYPEPTIDE CHAINS IN BOVINE PLASMA 
ALBUMIN! 


By M. E. REICHMANN? AND J. Ross COLVIN 


ABSTRACT 


The molecular weight of performic acid oxidized bovine plasma albumin, 
dispersed in 0.08 M borate + 0.2 M sodium chloride buffer, pH 7.4, was estimated 
as 30,000 by light-scattering and sedimentation equilibrium methods, 19,000 
by osmotic pressure. Sedimentation velocity analyses and electrophoresis 
showed that the component polypeptide chains of the material are similar in 
mass and charge density so the polydispersity must be attributed to labile 
aggregates. The results indicate that here are at least three and probably four 
similar polypeptide chains in the molecule of native bovine plasma albumin, 
held together by disulphide bonds. 


INTRODUCTION 


Knowledge of the number of polypeptide chains in a protein molecule is 
prerequisite to an understanding of its structure but unequivocal data are 
available for only a few of these substances (5). Even for readily available 
bovine plasma albumin (B.P.A.) information is scanty. Previous estimates 
from end group analyses (33, 37), or from viscosity measurements after the 
disulphide links between chains were broken by performic acid (19), agree 
that the most probable figure is one. However, the first method may be 
misleading because of terminal substitution, and unequivocal interpretation 
of the second is difficult. Therefore, the number of polypeptide chains in B.P.A. 
has been redetermined by estimating the molecular weight of the product of 
performic acid oxidation (29) of B.P.A. by light-scattering, sedimentation 
equilibrium, and osmotic pressure techniques. The results were supplemented 
by sedimentation velocity and electrophoretic measurements. 


METHODS AND MATERIALS 


Previous studies have shown that the disulphide links between amino acid 
residues in a protein may be destroyed without significant hydrolysis of the 
peptide bonds (3, 30). Accordingly, the component polypeptide chains were 
separated by a modification of Sanger’s method of oxidizing disulphide bridges 
(30) on the assumption that any other covalent links, such as phosphate, (22) 
were absent. 

Five grams of B.P.A. (Armour and Co., Chicago, Lot R370295B) was dis- 
solved in 180 ml. of 90% formic acid and 30 ml. of 30% hydrogen peroxide was 
added. The reaction was allowed to proceed 25 min. at room temperature, 
then 50 ml. of 95% ethanol was added and the oxidized protein was precipi- 
tated by adding 200 ml. of 5 M NaCl. The addition of ethanol prevented 
frothing and toss of material. After the evolution of oxygen stopped, an addi- 
tional 400 ml. of 5 M NaCl was added to ensure complete precipitation. The 
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precipitate was separated from the supernatant liquid by centrifugation, 
resuspended in water, and dialyzed against distilled water for 36 hr. Analysis 
of the outer liquid showed that less than 1.5% of the precipitated nitrogen 
passed through the membrane during dialysis. Similar analysis of the super- 
natant liquid from centrifugation showed that less than 2.0% of the total 
nitrogen failed to be precipitated by the salt solution. Finally, the oxidized, 
dialyzed B.P.A. was freeze dried. Ninety-five per cent of the initial nitrogen 
was recovered. The slightly yellow, fluffy powder was initially insoluble in 
water at neutrality to pH 9.5. However, the protein did not reprecipitate when 
the pH was adjusted to neutrality by dialysis. The oxidized protein was also 
readily soluble in formamide, and 90% formic acid. Three separate preparations, 
made as described above, plus one sample oxidized for 60 min. were examined 
during the study. No differences were observed between any of the preparations. 

During the study, it was necessary to oxidize crystalline lysozyme (Armour 
and Co., Chicago) as above, except that the oxidized protein was precipitated 
by 180 ml. of saturated NazSO, per gram of lysozyme and dialysis times were 
extended in order to remove the sulphate ion completely. 

An aliquot of the first preparation of oxidized B.P.A. was hydrolyzed by 
refluxing in 3 N HCl in 50% formic acid for 24 hr. and the hydrolyzate analyzed 
qualitatively for sulphydryl or disulphide bonds by the methods of Toennies 
and Kolb (35). Neither cysteine nor cystine was detectable with the nitro- 
prusside reagent or potassium cyanide indicating complete conversion of these 
two amino acid residues to cysteic acid. Examination of trial preparations 
which were oxidized at room temperature for 5, 10, 15, and 20 min. showed 
that complete conversion to cysteic acid required about 20 min. under these 
conditions. 

The free a-amino terminal groups were determined in both native and 
oxidized B.P.A., using Sanger’s technique (29). Only aspartic acid residues 
were detected in both samples. Attempts to determine the number of aspartic 
acid residues per protein molecule by this method were unsatisfactory owing 
to appreciable breakdown of the D.N.P.-aspartic acid. However, for a given 
set of conditions, the number of N-terminal aspartic acid residues appeared 
to be equal in oxidized and native B.P.A., thus strengthening the assumption 
that no peptide bonds were broken during the oxidation reaction. 

Protein solutions were prepared by dissolving oxidized B.P.A. in formamide 
and dialyzing against several changes of the appropriate buffer. Protein 
concentrations were estimated by micro-Kjeldahl analysis (accuracy, +1% of 
the total nitrogen present) assuming the total nitrogen content of the protein 
to be 16.1% (36). 

A Brice and Speiser light-scattering photometer (8) was used to estimate 
weight average molecular weights. A blue filter (Corning No. 3389, 2.5 mm.) 
inserted in front of the phototube eliminated fluorescent light. All measure- 
ments were made at 4360A. The refractive index increment, dn/dc, of oxidized 
B.P.A. was measured in a B.S. differential refractometer. The same value 
was obtained as that reported for native B.P.A., 0.195 (23), giving K = 
24*2o?(dn/dc)?/ Nd‘ the value of 6.2X10-" (n> = refractive index of solvent, 
N = Avogadro’s number, \ = wavelength of light used). All measurements 
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were made in the standard 30 mm. square cells. Other details of the technique 
were as described previously (25). 

Sedimentation coefficients were estimated from observations in a Spinco 
ultracentrifuge at 59,780 r.p.m. A one degree adjustment for adiabatic 
cooling of the rotor (6, 38) was included in the standard corrections of the 
coefficients to water at 20° (32). Three determinations of the sedimentation 
coefficient S20, of native B.P.A. in 0.05 M phosphate buffer, 0.2 M NaCl, pH 
6.6, at concentrations 0.33%, 0.50%, and 1.0% gave the values 4.10, 4.08, 
and 3.91 X10~'* respectively. These values and their extrapolation to 4.3X 
10-'* at zero concentration are in agreement with previous determinations 
(21). However, repeated similar determinations of the coefficient of native 
B.P.A. in 0.08 M borate, 0.2 M NaCl, yielded a value of Soo of 4.610733. 
The sedimentation coefficients reported for oxidized B.P.A. in 0.08 M borate 
+0.2 M NaCl, pH 7.4, may therefore be 10% too high. Cause of the discre- 
pancy is unknown. In spite of this qualification, the borate buffer was used 
because of the difficulties of cleaning phosphate or more alkaline buffers for 
light-scattering. 

Archibald (4) has shown that in sedimentation equilibrium experiments the 
weight average molecular weight may be estimated from the polymer concen- 
trations near the ends of the cell, prior to complete attainment of equilibrium. 
The method has been applied successfully to bacitracin (24), digitonin (9), 
and lysozyme (31). In addition, the procedure gives information on poly- 
dispersity of the sample since, for heterogeneous samples, the molecular 
weight at the base of the cell will be higher than at the meniscus and the 
difference will increase with time. This technique was therefore applied to 
oxidized B.P.A. The ultracentrifuge and cells were the same as in the sedi- 
mentation velocity experiments. Speed of the rotor was 5300 r.p.m. Photo- 
graphs were taken every four hours in the interval from 12 to 40 hr. From 
the sedimentation patterns, a function 6 = (1/rc) (dc/dr) was calculated (9), 
(r is the distance of a given point in the cell from the center of rotation, c is 
the concentration in gm./ml. at that point, and dc/dr is the concentration 
gradient). The weight average molecular weights at the meniscus and base 
of the cell were estimated from the extrapolated values of 6 by the relation 
6 = M(1—Vp)/w*RT. (Here, V is the partial specific volume of the protein, 
p is the density of the solution, w is the angular velocity, R is the gas constant, 
T is the absolute temperature, and M is the molecular weight.) Partial specific 
volume of oxidized B.P.A. was assumed to be the same as that of the native 
protein, 0.734 (11). 

Osmotic pressures were measured at equilibrium using osmometers previously 
described (13). In some preliminary experiments (26), Visking dialysis bags 
were used but later proved unsatisfactory because of flexibility. Parloidin 
(Mallinckrodt Chem. Works) membranes prepared by Adair’s method (1) 
were substituted. Pressures were determined at 7.5+0.1°C. after 16 hr. of 
equilibration and confirmed after an additional 12 hr. Equilibrium was reached 
from both sides and the osmotic pressures thus obtained agreed within 
experimental error 
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Electrophoretic examinations were carried out at 0.15°C. in a Tiselius 
schlieren apparatus as modified by Longsworth (20). Dialysis for one day 
against buffer solutions prepared according to Clark’s method (10) preceded 
examination. The pH of each solution was checked by a Beckman Model G 
pH meter calibrated by commercial standards. 


RESULTS 


Results typical of the light-scattering data for oxidized B.P.A. in concentra- 
ted salt solutions and in water at pH 7.4 are shown in Fig. 1. Kc/Rgpo is plotted 
as a function of protein concentration where Rgo is the reduced intensity of 
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Fic. 1. Light-scattering of oxidized B.P.A. in 0.08 M borate + 0.2 M sodium chloride, 
and in water, both at pH 7.4. 


the light scattered at 90°, K is as defined previously, and c is the concentration 
of the protein. The extrapolated value of Kc/Rgo at zero protein concentration 
is an estimate of the reciprocal of the weight average molecular weight while 
the slope of the line is proportional to the second virial coefficient (14). The 
slope is therefore a measure of the net particle interactions. 

Two preparations oxidized for 20 min. and one oxidized for 60 min. were 
studied by light-scattering. All three oxidized samples had identical weight 
average molecular weights, 32,000+2000. Under the same conditions native 
B.P.A. had a molecular weight of 77,000 in good agreement with previous 
results (16). 

Results typical of osmotic pressure experiments on the three samples are 
shown in Fig. 2. Here P/cRT is plotted as a function of concentration; the 
osmotic pressure, P, being expressed in dyne/cm.?. The extrapolated value of 
P/cRT at zero protein concentration was 5.2+0.4 10-5 which corresponds 
to a number average molecular weight of 19,000+1500. Under the same 
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conditions, native B.P.A. had a number average molecular weight of 67,000 
in agreement with previous results (18). The difference between this value 
and that for the weight average molecular weight 77,000 has been attributed 
to a small proportion of high molecular weight material present in some 
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Fic. 2. Osmotic pressure of oxidized B.P.A. as a function of concentration, in 0.08 M borate 
buffer + 0.2 M NaCl, pH 7.4. 


samples of native B.P.A. (16). Presence of this fraction in our sample was 
confirmed by sedimentation velocity experiments. 

A single peak was observed in sedimentation velocity experiments with 
oxidized B.P.A. (Fig. 3), which sedimented with a mean coefficient, Soo, of 
1.49+0.05 X 10-'* in 0.08 M borate, 0.2 M NaCl, pH 7.4. The sedimentation 
































Fic. 3. Sedimentation boundary of oxidized B.P.A. in 0.08 M borate + 0.2 4 NaC 
pH 7.4. 


coefficient was independent of protein concentration over the range 0.3% to 
1.0%. The threefold reduction in the value of the coefficient compared with 
native B.P.A. (21) suggested that oxidation separated the protein into frag- 
ments. An estimate of the distribution of the sedimentation coefficients of 
such fragments of oxidized B.P.A., made by the method of Williams et al. 
(39), showed only a single peak about the mean value. The peak was not 
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sharp but the significance which may be attributed to this is doubtful because 
of inherent uncertainties of extrapolation in the method. A justifiable con- 
clusion is that the sedimentation differences among the molecules are small 
or else the various types are in rapid equilibrium (2). 

Fig. 4 summarizes the data from an experiment using Archibald’s approach 
to sedimentation equilibrium at pH 7.4. The function (1/rc)(dc/dr) is 
plotted versus 7, the distance from the center of rotation, and extrapolated 
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Fic. 4. Archibald’s ee to sedimentation equilibrium with oxidized B.P.A. in 0.08 M 
borate + 0.2 M NaCl, pH 7.4. 


to the meniscus and base of the cell. Twelve hours after the beginning of the 
run the molecular weight at the meniscus was 33,000 and at the base, 40,000. 
After 40 hr. of sedimentation, the molecular weight decreased to 30,000 at the 
meniscus and increased to 45,000 at the base. Similar results were obtained 
at pH 9.0 in aqueous ammonia. These observations are in agreement with 
those from light-scattering and are consistent with the sedimentation velocity 
experiments. 

Oxidized B.P.A. was examined electrophoretically over the pH range from 
4.7 to 7.4 in 0.05 M acetate, phosphate, or borate buffers. Varying concentra- 
tions of sodium chloride were added to adjust the field strength. A typical 
pattern for the material under all conditions is shown in Fig. 5. A single 
symmetrical peak was observed, suggesting that the charge densities of all 
the components of oxidized B.P.A. are similar. 
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Previous studies of the structure of insulin (30) and of ribonuclease (3) 
have shown that performic acid under the conditions employed does not 
hydrolyze peptide bonds appreciably. However these two proteins do not 
contain the labile tryptophane residue (34) whereas two such residues are 
found per B.P.A. molecule (36). Performic acid oxidation was therefore 
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Fic. 5. Ascending and descending electrophoretic boundaries of oxidized B.P.A. in 0.05 M 
acetate buffer, pH 5.5. Field strength 6.3 volts/cm. Time 116 min. 


applied to lysozyme (8 tryptophane residues per 15,000 gm. (36)), to see if 
the single chain of the molecule (17) was broken by the procedure. The 
oxidized protein was insoluble in water from pH 2.0 to 8.0. Light-scattering 
measurements of native and oxidized lysozyme were therefore made in 90% 
formic acid. The molecular weight of the oxidized protein was about five 
times higher than that of the native protein assuming the same values for the 
refractive index increment in both materials. The data from two experiments 
using Archibald’s approach to sedimentation equilibrium on oxidized and 
native lysozyme, dissolved in formamide, are summarized in Fig. 6. After 
45 hr. at 12,000 r.p.m. the function 6 at the meniscus is about 1.7 times higher 
for the oxidized protein compared to the native. Consequently, assuming the 
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same partial specific volume for both proteins, the data indicate a molecular 
weight about 1.7 times that of the native for the oxidized protein. The values 
of 6 at the base of the cell indicate monodispersity of the native sample and 
extensive aggregation in the oxidized sample. Similar results were obtained 
with globin (27) which contains 5 tryptophane residues per 68,000 gm. (36) 
but the extent of aggregation in the oxidized sample was much smaller than 
in lysozyme. This evidence together with the absence of additional a-amino 
terminal groups in oxidized B.P.A. strongly indicates that no scission of the 
polypeptide chain (s) occurred. 


DISCUSSION 


We tentatively assume, on the basis of the foregoing evidence, that no 
splitting of the polypeptide chains takes place during oxidation. Then the 
lower molecular weight of oxidized B.P.A., compared to that for the native 
albumin, indicates that previous suggestions that this protein consists of a 
single chain (19, 37) must be reconsidered. The earlier conclusions were based 
on either an assumption of fully accessible, completely unsubstituted terminal 
groups or the assumption of a Staudinger viscosity coefficient unmodified by 
the oxidation procedure. In the light of later work (7, 12, 28), it would not be 
surprising if either or both assumptions were invalid. 

The electrophoretic patterns over a wide range of pH show that the poly- 
peptide chains of oxidized B.P.A. are similar in charge density and therefore 
probably in amino acid composition. In addition, the single peak in the 
sedimentation patterns as well as the single maximum in the distribution 
function of sedimentation coefficients of oxidized B.P.A. indicates that the 
chains of native B.P.A. are approximately equal in weight. If the chains are 
similar in size, the discrepancy between the weight average and number 
average molecular weights of oxidized B.P.A. may be explained by interactions 
between the chains to produce a small proportion of aggregates of varying 
degrees of stability. Attractive forces, favoring formation of such aggregates, 
are shown by the difficulty of dissolving the material in water and by the zero 
value for the second virial coefficient in light-scattering experiments in water 
at pH 7.4, in spite of the high negative charge carried by the chains (15). 
Most of the aggregates are in rapid equilibrium with the smaller subunits, as 
shown by the single peak in sedimentation velocity experiments, and cause 
only a spreading of the boundary (2). However, the difference between the 
molecular weights at the meniscus and the base of the cell in the approach to 
sedimentation equilibrium shows that dissociation of a fraction of these 
aggregates is very slow, probably because of mechanical entanglement of the 
random coils. Thus the molecular weight at the meniscus in sedimentation 
equilibrium deviates only slightly from the light-scattering value, while at the 
base the weight average molecular weight increases with time. 

Assuming therefore a molecular weight of 66,000 for native B.P.A. (15, 18) 
which contains polypeptide chains of equal size, the observed number average 
molecular weight shows that there are three or four such chains per molecule. 
However, four chains is the more probable figure because aggregation of 
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components would tend to raise the estimated number average molecular 
weight of the oxidized material. A larger number of chains is excluded because 
no diffusion of protein through the osmometer membranes could be detected 
after seven days, although ribonuclease (mol. wt. 13,000) (32) passed through 
fairly rapidly under the same conditions. 

The chains are presumably held together by some of the 14 disulphide 
bridges in B.P.A. (36) but no information is yet available on their number and 
location. Furthermore, because Van Vunakis and Brand found only one 
N-terminal amino acid residue per molecule (37), the results indicate that the 
other three chain ends are either substituted or inaccessible to reaction with 
dinitrofluorobenzene under the conditions employed. 

The foregoing conclusions rest on the assumption that no polypeptide 
bonds were broken by performic acid oxidation. Presently available evidence 
for this assumption is substantial but does not exclude the possibility that 
tryptophane residues in a polypeptide chain may be particularly labile when 
linked to specific amino acids. A general investigation of the possibility is 
desirable. 
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THE VIBRATIONAL SPECTRA OF THE FORMATE, ACETATE, 
AND OXALATE IONS! 


By K. Ito? AnD H. J. BERNSTEIN 


ABSTRACT 


The infrared spectra of the formate, acetate, and oxalate ions have been 
obtained for both the solid and aqueous solution. The Raman spectra of these 
ions with depolarization ratios have been obtained in aqueous solution. Vibra- 
tional assignments have been made which differ slightly for the acetate ion and 
more markedly for the oxalate ion from earlier work. The depolarization ratios 
confirm Fonteyne’s assignment for the formate ion. 


INTRODUCTION 


The Raman spectra of aqueous solutions of formate (4, 7), acetate (16), 
and oxalate (5, 8, 11) ions, and the infrared spectra of solid metal-formate 
(3), -acetate (10), and -oxalate (2) have been studied in the past but no 
reliable assignment has been made for the oxalate ion and in some respects 
the rather complete assignments for CH;COONa and CD;COONa in the 
solid state (10) and that for the formate ion merit reinvestigation. 

Infrared spectra of solid sodium formate, light and heavy sodium acetate, 
and sodium oxalate, and their saturated solutions in H,O and D.O were ob- 
tained from 3-354. The Raman spectra of the aqueous solutions with depolari- 
zation ratios were also obtained. From these more complete vibrational data 
and comparison of spectra with the isoelectronic molecules nitromethane and 
nitrogen tetroxide vibrational assignments have been made for acetate and 
oxalate ions. The depolarization ratios for the Raman bands of the formate 
ion confirmed the assignment of Fonteyne (7). 


EXPERIMENTAL 


The infrared spectra were obtained with a Perkin-Elmer Model 12C double 
pass spectrometer with CsBr, NaCl, and LiF optics. The Raman spectra 
were photoelectrically recorded on a White Raman spectrometer (18) and 
depolarization ratios measured by comparing Raman spectra obtained with 
polaroid film wrapped round the sample tube first with its axis in a direction 
parallel to the sample tube and then perpendicular to it (6). These ratios 
were corrected for convergence error in a manner previously described (1, 14). 

The reported infrared spectra of the aqueous solutions are not as complete 
as those for the solids because of the strong H.O and D,O absorption. The 
solid infrared spectra were taken of films deposited from H,O or CH,OH on 
AgCl plates or polystyrene film. Raman spectra were obtained for the saturated 
aqueous solutions only and the depolarization ratios of all fundamentals 
measured. 
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We are indebted to Dr. L. C. Leitch for the sample of CD;COONa. All 
other compounds were c.p. grade. 
Acetate Ion 


The Raman spectrum of a saturated solution of CH;COONa in H;0O is 
shown in Fig. 1 and the Raman data for solutions of CH;COONa and CD; 
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Fic. 1. The Raman and infrared spectra of the acetate ion. 
TABLE I 
RAMAN SPECTRA OF CH;COONa anp CD;COONa 1n HO 
CH;COO- . CD;COO- 
»(cm.~!) p »(cm.~1)¢ p 
3013 0.8 (D) 2264 (3.2) 0.7, (py 
0.8 (D) 2231 (4.2) 0.7, (D) 
2933 0.12 (P) 2185° (6.4) 0.1. (P) 
1456 D 2111 (10.0) 0.08 (P) 
1429 D (?) 2068* (2.3) 0.08 (P) 
1414 0.4» (P) 1545 (0.61) 0.80 (D) 
1344 0.58 (P) 1457¢ (0.50) 0.57 (P) 
1289 ae 1432¢ (1.5) 0.80 (D) 
927 0.25 (P) 1405 (8.1 0.36 (P) 
649 0.5 (P) 1085 (3.6) 0.1, 8 
621 0.80 (D) 1049 (0.98) 0.8 (D) 
471 D 1031 (8.6) 0.7; tp) 
883 ‘o'er 0.1 (P) 
832 (0.61) 0.63 py? 
619 (2.6) 0.36 (P) 
526 (0.68) 0.7; (D) 
419 (0.61) 0.8 (D) 





* Values in brackets are the relative intensities referred to the 2111 cm.—' band. 


+.¢,4,¢Combination bands ex 


plained as 2v; = 2170 (A), 2ns = 2062 


(Aj), or veto = 1466 (A) and % +0 = 1461 (B,), respectively (see Table IT). 





fA). rete = 1468 
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The infrared spectrum of the saturated solution of CH;COONa in H,O 
and D,O is shown also in Fig. 1. Only the part of the spectrum of the solid 
that differs sensibly from that of the solution is shown in Fig. 1. The band at 
480 cm.—! in the spectrum of the solid is not found in solution because of the 
strong water absorption in this region. The spectrum of the solid agrees with 
that found by Jones and McLaren (10) and the band positions have been 
used in Table II in the column giving their assignment. The infrared spectrum 
of solid CD;COONa is the same as that previously reported (10), and bands 
were observed at 2267 (m), 2288 (w), 1546 (s), 1408 (s), 1084 (w), 1043 (w), 
940 (m), 883 (w), and 833 (m) cm.—! in the infrared spectrum of CD;COONa 
in H,O. In Table II the assignment for CH;COO- (solid) by Jones and McLaren 














TABLE II 
VIBRATIONAL ASSIGNMENT OF THE ACETATE ION 
CH:COO- CH;:COO- CH3NO: CD:COO- Teller—Redlich 
o~ er (solid)@ (solution) (gas) (solution) product rule ratios 
Cre C—CHs Fe pa This work Wells, This work = 
o- cLaren Wilson Obs. Thecr. 
ay, C—H stretching 2936 2935 (P) 2965 2111 (P) 
Ys CHs deformation 1430 1344 (P) 1413 1085 (P) 
"; C—O stretching 1414 1413 (P) 1384 1406 (P) 1.91 1.95 
” C—C stretching 924 926 (P) 921 883 (P) 
% COO deformation 646 650 (P) 647 619 (P) 
as», Torsion _ = —_ — 
bh», C—H stretching 2988 3010 (D) or 3048 2264 (D) or 
2981 (D) 2231 (D) 
, C—O stretching 1578 1556 1582 1545 5B} 
* CH; deformation 1443 1429 (D) 1449 1047 (D) 2.53 2.58 
vt,  CHs rocking 1009 1020 1097 832 (D?) 
ri ~—- COO rocking 
(in-plane) 460 471 (D) 476 419 (D) 
bs», C—H stretching 2989 2981 (D) or 3048 2231 (D) or 
3010 (D) 2264 (D) 
‘4, CHs deformation 1498 1456 (D) 1488 1031 (D) 2.49 2.53 
us CHs rocking 1042 1052 1153 940 
"6 COO rocking 
(out-of-plane) 615 621 (D) 599 526 (D) 





2] this assign ment the frequencies measured here have been used. 


(but using our measured frequencies), that for CH;NO2 by Wells and Wilson 
(17), and the present assignments for CH;COO- and CD;COO~ are given. 
The assignments are based on C2, point group symmetry (17). The new 
information provided by the above spectra and comparison with the funda- 
mentals of the isoelectronic CH;NO:z molecule have been the basis for the 
present assignment and as can be seen from Table II it differs from that of 
Jones and McLaren for CH;COO7 in several respects. In particular, v2, the 
fairly strong polarized Raman band at 1344 cm.~', is taken as a fundamental 
here instead of the rather weak infrared band at 1498 cm.~! which is not 
observed in the Raman spectrum. This band at 1498 cm.—! is then to be 
interpreted as a difference tone (see Table III). The present assignments for 
ve and v3 were confirmed from the depolarization ratios and comparison of 
the Raman spectra of CH;COO- and CD;COO-. Other changes are to assign 
the band at 1429 cm.—', which is found to be depolarized, as vy and the band 
at 1443 cm.—' in the infrared spectrum of the solid as »;3. One other small 
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modification is introduced by the fact that three bands in the CH stretching 
region are observed in the infrared and Raman spectra of the solution whereas 
there are only two in the infrared spectrum of the solid (see Fig. 1). Assuming 
all three to be fundamentals, v; is readily assigned because of its depolarization 
ratio but a choice is left for vz and v2 as indicated in Table IT. 

Of the two COO rocking modes »;; and 5 the higher was taken as the out-of- 
plane mode 15, since it was expected that the w electron cloud in the COO- 
group accumulating in the direction perpendicular to the COO~- plane gives 
rise to more repulsion in the potential energy function for the out-of-plane 
mode than for the in-plane mode. The moment of inertia argument used by 
Wells and Wilson for the corresponding assignment in CH;NOQ, leads to this 
result also (which was recognized also by Jones and McLaren in their assign- 
ment). 

Our assignment for CD;COO7 is essentially the same as that reported by 
Jones and McLaren except for the CD stretching modes. From Raman 
spectrum and depolarization ratios (see Table I) the band at 2231 cm.~ 

















TABLE III 
COMBINATION AND DIFFERENCE FREQUENCIES FOR INFRARED BANDS OF CH;COO- 
Aqueous solution Solid (Na salt) Irred. 
Assignment representa- 

Obs. Calc. Obs. Calc. tion 
2746 2757 2740 275 vety A; 
2668 2688 2653 2676 2Xve2 Ai 
2583 2576 2605 2587 vst+ri0 Ai 
2557 2550 v7 Pu A, 
2486 2482 2495 2499 vet B, 
2416 2433 2424 2423 v3s+r10 B, 
1911 1915 1927 v1—v10 B, 
1693 1702 1688 vst B: 
1498 1506 m—ve2 Ai 
1493 Vi Vg 1 
1289* 1300 1300 1292 2Xvs A, 
1277 1271 “1254 1261 vs +ris B: 





*Observed in the Raman spectrum. 


assigned by the above authors to »; must be either v7 or v12. In Table III the 
combination bands for CH;COO- observed in the infrared spectrum are given 
with plausible assignments. 

The present assignments for light and heavy acetate ion (solution) are 
consistent with the product rule as shown in the last column of Table II. 
The theoretical ratios are taken from the paper of Jones and McLaren (10) 
which were calculated using dimensions of the solid ion. Since these ratios 
are very insensitive to small changes in molecular dimensions they will be 
very nearly the same for the solid ion and the ion in solution. 


Oxalate Ion 

The Raman spectrum of a saturated solution of potassium oxalate in H;O 
is shown in Fig. 2 and the Raman data given in Table IV. The infrared 
spectrum of saturated solutions of potassium and cesium oxalate in H,O 
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and D,0O is shown also in Fig. 2. The frequencies of the fundamentals are given 
in Table IV and those of the combination bands in Table V. The infrared 
spectrum of solid sodium oxalate is listed in Table IV (fundamentals) and 
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Fic. 2. The Raman and infrared spectra of the oxalate ion. 


Table V (combination tones). The principal difference between the solid 
and solution infrared spectra is that the band at 507 cm.’ in the solid is by 


VIBRATIONAL ASSIGNMENT OF THE OXALATE ION 


TABLE IV 

















Irred. . f/O~, a a Cc: Previous assignment 
rep. C—- - ; NOs ‘or Cx1Oc— 
(Dr) Oo” ™©O Solid Na salt Aq. soln. Dep. ratio gas by Lecomte ef al. 
arg v, C—O stretching 1488 0.3, (P) 1360 ™ 1480 
v, COO deformation p+ 0.1, (P) 813 ™ 900 
vy, C—C stretching 445 0.5, (P) 283 ~™ 320 
big », C—Ostretching 1660 0 8, (D) 1724 ~~ 1640 Raman 
», COO rocking ‘active 
(in-plane) 300 0.8, (D) 500 525-575 
bag ” coo rocking 
(out-of-plane) 1305 0.8, (D) (1480) ™ 450 
aw v, Torsion — _ 
bie vy, COO rocking 
Se x4 500 (680) 665 
tu » C stretching 640* 
. 1405 } 1555 1749 1500-1600 | jotrared 
»,, COO rocking active 
(in-plane ‘160) 380 ~™ 370 
bw ». C -O stretching 1319 i300 1265 1200-1300 
COC deformation 766 766 752 750-800 


"Split y the Fermi resonance into two bands with equal sntenssty 
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far the strongest band in this region, whereas in solution it is weak (at 500 
cm.—') and comparable in intensity to the bands at 361 and 605 cm.—'. Be- 
cause of its strong absorption in the solid this band was chosen as a funda- 
mental. Another feature in the infrared spectrum of the solid is the doublet 














TABLE V 
COMBINATION AND DIFFERENCE FREQUENCIES FOR THE INFRARED BANDS OF C:0,-— 
s soluts Solid 
Sapeene sation Na salt, Assignment Irred. 
Obs. Calc. obs. rep. 
3134 
3054 
2960 2935 wm +r Bu 
2860 2862 ? 
2782 2788 2767 wm +n Bs 
2604 2605 ve +71; Bis 
2474 2479 ? 
1885 ? 
1452* 1460 not Big 
1255 1249 vo —s Bs 
1029 ? 
894 898 Mm M2 Bo 
. 873 ? 
888* 890 293 Aig 
846 855 854 ni — vs Bay 
605 605 611 vz +n0 oe 
539 533 %e —hi2 ls 
361 : 360 363 “HU Bus 





*Observed in the Raman spectrum. 


1405 and 1640 cm.—! which may be explained on the basis of Fermi resonance 
of vp (b2,) with v1:+»5 (B2,). In solution, only one strong band at 1555 cm.—! 
is observed. The oxalate ion has D., symmetry in the solid sodium salt (9) 
and is assumed to have the same symmetry in solution. This is borne out by 
the infrared and Raman spectra which exhibit the character of mutual exclus- 
ion. In Table IV the assignment for C,O,— is given for the solid and solution 
made on the basis of the selection rules, depolarization ratios, and comparison 
with the spectrum of isoelectronic N2O, (15). In the last column of the table 
the previous assignment of Lecomte et al. (2) is given for comparison. Since 
our infrared investigation covered a larger region than that investigated 
previously (2) and since our depolarization data are more complete than those 
of an earlier investigation (8), several differences between the present and the 
earlier (2) assignments are not unexpected. In particular the depolarization 
ratio of the band at 445 cm.~! established it as v3. By analogy with N20, the 
other low lying Raman band is », and the high one at 1305 cm.~' is then yg. 
The band at 665 cm.—! reported by Lecomte et al. (2) occurring in the region 
of CO, absorption was not observed here. As vs we choose the strong infrared 
band (solid) at 507 cm~'. The v1) mode was calculated here as ~160 cm.~! 
and estimated previouslv ‘2' to be ~370 cm '! The calculation for vo follows 
from the !'rey Bradley treatment b: Shimanouch: ef a/ 112) tor Da, molecules. 
Here it was shown that the ratio of the product of the cwo 5,, frequencies to 
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that of the two by, frequencies is a function of masses and geometry only 
and independent of force constants if the interaction between COO groups on 
different C atoms is neglected. The structural parameters used to calculate 
this ratio are given below (9): 


voc = 1.56 A, veo = 1.24 A, ZOCO = 125°. 


The value of v1o = 160 cm.~! is further supported by the assignment of two 
observed combination tones at 1452 cm.—! in the Raman spectrum and 605 
cm.~! (solution), 611 cm.—! (solid) in the infrared spectrum. Other interpreta- 
tions of these bands are not readily forthcoming. 

In Table V the combination bands observed in the infrared spectrum are 
listed with plausible assignments. The bands at 2862, 2479, 1885, 1029, and 
873 cm.~! in the infrared spectrum of the solid cannot be interpreted in terms 
of binary combinations of the listed fundamentals. 


Formate Ion 


The Raman spectrum of a saturated solution of potassium or sodium 
formate in H,0O is shown in Fig. 3 and the frequencies and depolarization ratios 
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Fic. 3. The Raman and infrared spectra of the formate ion. 


given in Table VI. The infrared spectrum of a saturated solution of these 
salts in H,O and D.0O is given also in Fig. 3 and the frequencies in Table VI 
(fundamentals) and Table VII (combination tones). The infrared spectrum 
of solid sodium formate is given in Table VI (fundamentals) and in Table VII 
(combination tones). 

The present assignment for the formate ion made on the basis of C:, sym- 
metry and the measured depolarization ratios is given in Table VI. 











ITO AND BERNSTEIN: VIBRATIONAL SPECTRA 177 


Of the two rocking frequencies, »5 and vs, the higher one might be expected 
to be the out-of-plane mode analogous to the acetate and oxalate ions but 
these were assigned as shown in the table because of the results of Newman 
(13) obtained from the polarized infrared spectra of solid sodium formate. 
The present assignment for the aqueous solution is the same as that by 














TABLE VI 
VIBRATIONAL ASSIGNMENT OF THE FOMATE ION 
Infrared 
Irred. on a Raman 
reptn. C—H av Dep. ratio » (aq. soln. » (solid » (solid 
Oo7 (aq. soln. of K salt) Na salt) Na salt) 
of K salt) This work Newman 
a v —H stretching 32 
, Cs hi 2803 0.37 (P) 2803 2841 2870 
», C—Ostretching 1349 0.29 (P) 1351 1366 1377 
vy, COOdeformation 762 0.43 (P) 760 772 784 
bi vy, C—Ostretching 1585 1567 1620 
vy, COOrocking 1380 0.80 (D) 1383 1377 1365 
(C—H bending, in-plane) 
bs », COOroc! 1066 0.83 (D) 1069 1073 1070 


(C—H bending, out-of-plane) 





Fonteyne (7) which was made on the basis of the Raman spectrum of the 
light ‘and heavy formate ion in aqueous solution without measuring the 
depolarization ratios. Newman’s assignments (last column of Table VI) of 














TABLE VII 
COMBINATION AND DIFFERENCE FREQUENCIES FOR THE INFRARED BANDS OF HCOO- 
Aqueous solution Solid (Na salt) 
Obs. Calc. Assign- Irred. Obs. Calc. Assignment 
ment — rep. 
4313 4319 2953 +2 
4180 4186 Vit, B, 4200 4218 vit, 
4091 4111 2728 +5 A; 4085 4097 2720 +5 
. 3611 3613 +s 
3181 3178 2 A 3190 3194 2»,+60 
3070 3074 2»,—60 
2974 2972 wuts Ai 2953 2944 vty 
2791 2781 »—60 
2728 2734 votys By 2720 2743 vetrs 
2599 2600 2720 —2 X60 
2415 2420 votre B, 2435 2439 vets 
2134 2138 votes 
1700 1707 m+140 
1620 1627 v+60 
1514 1517 vs +140 
1226 1237 vs—140 
1013 1013 ve—60 
958 953 ve—2 X60 
923 930 ve— 140 
898 892 vs +2 X60 
840 832 vs +60 





the a, C—O stretching and the 6, COO rocking were reversed as shown in the 
seventh column of Table VI because of the analogy with the corresponding 
fundamentals in the aqueous solution. 
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The infrared spectra of solid sodium formate were obtained of the solid 
films deposited from H,O, a ‘mixture of HO and CH;OH, or a mixture of 
HO and acetone, on AgCl and NaCl plates. All solid samples were dried over 
P.O, in a desiccator and had no absorption band in the O—H stretching 
region, 3100-3800 cm.—', showing that the samples were indeed anhydrous. 
’ The infrared spectra of these samples seemed to change slightly from sample 
to sample depending on the method of preparation, in contrast to the infrared 
spectra of the acetate and oxalate salts. In particular the 6, C—O stretching 
mode shows a rather complicated behavior and has two bands at 1567 cm.~! 
and 1514 cm.—' in some samples. The intensity of the latter band was increased 
by dehydration in a desiccator and was even stronger in some cases than that 
at higher wave numbers. However, the band at 1567 cm.—! was assigned as a 
fundamental by analogy with the fundamentals for the aqueous solution. 
The band at 1620 cm.~! which was assigned as a fundamental by Newman was 
observed only in some samples as a weak band or a small shoulder. 

Table VII shows the combination and difference bands observed in the 
infrared spectrum and a possible assignment. In the case of the infrared 
spectrum of the solid, it is necessary to assume lattice vibrational modes 
coupling with the internal vibrational modes of the formate ion in order to 
explain the observed combination bands satisfactorily. Two lattice frequencies 
at 140 cm.—! and 60 cm.~! have been assumed in the seventh column of Table 
VII which are used to interpret 13 of the 21 combination tones. There are 
several possible choices of the assignments for some bands in the solid infrared 
spectrum but only one is shown rather arbitrarily. 
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SYNTHESIS OF METHYL-d; FORMATE* 


By R. RENAUD AND L. C. LEITCH 


In earlier papers of this series (1, 2) Nolin reported the preparation of 
several deuterated methyl and ethyl acetates from the alkyl iodides and silver 
acetate. On account of the instability of silver formate the method is not 
directly applicable to the synthesis of methyl-d; formate. This ester has now 
been prepared in moderately good yields by the acid-catalyzed transesterifica- 
tion of methyl-d; butyrate and n-butyl formate: 


C;H;CO.CD; + HCO.C,H, — HCO.CD; + C3H7;CO2CiHs». 


The methyl-d; butyrate was prepared in nearly quantitative yield from 
methyl-d; bromide and silver butyrate. The methyl-d; bromide was in turn 
prepared by the brominative decarboxylation of silver acetate-d; in carbon 
tetrachloride as described in the experimental part rather than by the method 
reported in reference (3). 

It is of interest to compare the mass spectra of methyl and methyl-d; 
formates: 


HCOOCH; HCOOCD, 
60 100 63 100.0 
59 1.86 62 4.56 

61 0.1 


Since the intensity of the 61 peak—due to loss of D—is so small in methyl-d; 
formate the peaks at 59 in the spectrum of methyl! formate and 62 in the spec- 
trum of methyl-d; formate must be due to loss of H in the formoxy group 
rather than in the methyl group. 


EXPERIMENTAL 

Silver Butyrate 

Silver butyrate was prepared by adding a solution of 77 gm. of silver nitrate 
in 400 ml. of water in small portions to a stirred solution of 40 gm. of n- 
butyric acid in 200 ml. of water containing sufficient aqueous ammonia for 
neutralization. The salt was recrystallized from boiling water, dried for a day 
over phosphorus pentoxide in a vacuum desiccator, and stored in an amber 
bottle. The yield was nearly theoretical. 


Methyl-d; Bromide - 


Silver acetate-d; (34.0 gm., 0.2 mole) was placed in a 500 ml. four-necked 
round-bottomed flask equipped with a funnel, a thermometer, a mechanical 


*Issued as N.R.C. No. 3821. 
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stirrer with a graphite packed gland, and a reflux condenser. Three spiral 
traps, two of which were cooled in dry ice and carbon dioxide at —78° and the 
third at —30°C., were connected to the outlet of the condenser. A solution of 
11 ml. of dry bromine in 75 ml. of dry carbon tetrachloride was added to the 
stirred silver salt at the rate of about a drop every two seconds. The tem- 
perature of the reaction mixture was kept at 27-30°. Addition of the bromine 
required about four hours. The reaction mixture was then slowly heated to the 
boiling point and refluxed from one to one and one-half hours while a current 
of dry nitrogen was passed in. The contents of the first trap were then distilled 
into the second. The third trap was generally empty. The crude product was 
distilled on the vacuum line through ascarite to remove dissolved carbon 
dioxide and bromine. The distillate was redistilled twice from a bath at — 40°C. 
into a trap cooled in liquid nitrogen. The weight of crude methyl-d; bromide 
was 19.0 gm. After another distillation from a trap at —78° the vapor pressure 
of the product at 0° was 679 mm. There was little change in the vapor pres- 
sure of various fractions distilled at 0°C. The yield was 17.5 gm. (89.3% of 
the theoretical amount). Mass analysis showed a purity of 97.8 mol. % CD;Br 
or 99.2 atom % D. 


Methyl-d; Butyrate 

Silver butyrate (8.3 gm., 0.04 mole) was heated with 4.1 gm. (0.04 mole) of 
methyl-d; bromide in a sealed tube for 16 hr. at 80°C. in a rocking furnace. The 
methyl-d; butyrate was isolated by attaching the opened tube to a Stock trap 
cooled in liquid nitrogen on a vacuum manifold and evacuating to a pressure 
of 0.1 mm. The yield of ester recovered in the trap, 2° 1.3879, vapor pressure 
30 mm. at 22°C., was quantitative. Methyl butyrate prepared in the same way 
had 2° 1.3874. 
Methyl-d; Formate 

A mixture of 4.5 gm. of n-butyl formate, 4.1 gm. of methyl-d; butyrate, and 
three drops of concentrated sulphuric acid was distilled in a column packed 
with glass helices. The yield of methyl-d; formate, b.p. 31-32°C., 239 1.3431, 
was 1.5 gm. (61% of the theoretical). Its mass spectrum gave a deuterium 
content of 97.6 mol. % or 99.07 at. %. 
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SYNTHESIS OF DEUTERATED DIMETHYL CARBONATE* 
By R. RENAUD AND L. C. LEITCH 


The well-known synthesis of alkyl carbonates from phosgene and alcohols is 
not suitable for the preparation of deuterated dimethyl carbonate because 
methyl-d; alcohol is not readily available. Since methyl-d; bromide is now 
easily obtained by a method reported previously by one of us (2) it seemed 
worth while to attempt the preparation of dimethyl carbonate from methyl 
bromide and silver carbonate. Diethyl carbonate labelled with C'4 was recently 
prepared by Eisenhauer, Pepper, Jaques, and Spinks (1) by refluxing a sus- 
pension of silver carbonate-C!‘, ethyl] iodide, and triethylamine under nitrogen. 
In the present work it was found that no reaction took place when methyl 
iodide and silver carbonate were heated under reflux for a day. However, when 
these reactants were treated for 65 hr. in a sealed tube at 60°, a 75% yield of 
dimethyl carbonate was obtained. With methyl bromide the yield was nearly 
quantitative, possibly because the product was more easily separated from 
unchanged methyl bromide. Similar results were obtained when methyl-d; 
bromide was employed. Dehalogenation of hexachloromethyl carbonate with 
zinc-dust and acetic acid did not give the desired product. Evolution of carbon 
dioxide took place presumably because of hydrolysis of the ester and no 
dimethyl] carbonate could be isolated. 


EXPERIMENTAL 


Dimethyl Carbonate 

(a) From Methyl Iodide and Silver Carbonate 

Methy] iodide (14.7 gm., 0.11 mole) was distilled on a vacuum manifold into 
a tube containing 13.8 gm. (0.05 mole) of dry silver carbonate. The tube was 
sealed and heated in a rocking furnace at 60°C. for 65 hr. The liquid phase was 
distilled off on a vacuum line into a distilling flask. Fractional distillation of the 
distillate through a small column packed with glass helices afforded a 75% 
yield of dimethyl carbonate, b.p. 89-91°C., 29 1.3694. 


(b) From Methyl Bromide and Silver Carbonate 

A similar experiment with methyl bromide gave a nearly quantitative yield 
of dimethyl carbonate. An attempt to shorten the reaction time by raising the 
temperature to 90°C. resulted in decomposition of the silver carbonate with 
evolution of carbon dioxide. 


Dimethyl-d; Carbonate 


A mixture of 5.6 ml. (10.0 gm., 0.12 mole) of methyl-d; bromide prepared as 
described in reference (2) and 13.8 gm. of silver carbonate was heated for 
65 hr. at 60°C. The reaction product was isolated and purified as already 
described. The yield of deuterated dimethyl carbonate, b.p. 89-90°C., 29 
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1.3677, was 4.3 g.m. A sample analyzed by mass spectrometry showed a deu- 
terium content of 98 atom %. 
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CHOLESTEROL FROM ASCARIS LUMBRICOIDES (NEMATODA)* 
By DONALD FAIRBAIRN AND R. NORMAN JONES 


Conclusive evidence for the existence of sterols in any species belonging to 
the phylum Nematoda was not available until it was shown (1) that the 
reproductive organs of the common pig roundworm, Ascaris lumbricoides, 
contain small amounts of a mixture of saturated and unsaturated sterols in 
the approximate ratio 1:3. Although infrared analysis of the mixed sterol 
acetates suggested that cholesterol might be one component of the mixture, 
insufficient material was available for positive identification. 
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Fic. 1. Curve A. Infrared spectrum of sample of cholesterol dibromide prepared con- 
currently with ascaris sterol dibromide. 
Curve B. Infrared spectrum of ascaris sterol dibromide. (Nujol mulls. -- -region 
of Nujol absorption.) 
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An extension of the investigation has resulted in the isolation and identifi- 
cation of cholesterol as the dibromide. From the total lipids extracted from 
the blended muscle and reproductive tissues of mature female parasites, total 
sterols were precipitated as the digitonides and subsequently recovered in the 
free form (4). The recrystallized mixture was then brominated (3), insoluble 
bromides separated, and saturated sterols isolated as the digitonides. Re- 
crystallization of the bromide from ether and glacial acetic acid yielded a 
product identical in melting point and mixed melting point with cholesterol 
dibromide. The saturated sterol(s) has not yet been identified. 

The infrared spectra of the ascaris sterol dibromide and a sample of chol- 
esterol dibromide prepared concurrently are shown in Curves A and B of 
Fig. 1. The similarity of these curves confirms the identification of the ascaris 
sterol, but both curves show absorption at 1705 and 1280 cm.— which is not 
present in Fig. 2, obtained from a second sample of cholesterol dibromide 
immediately following crystallization from ethyl acetate - methanol at room 
temperature.* This difference is attributed to the partial photolysis or autox- 
idation of the first two samples during transshipment prior to analysis. 
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Fic. 2. Infrared spectrum of freshly prepared cholesterol 5a,68-dibromide. 


The bromination method employed resulted in characteristically low yields 
of ascaris sterol bromide, which were necessarily accepted because it was 
desirable to isolate saturated sterols quantitatively from the mother liquor. 
For this reason the identification of cholesterol as the main unsaturated sterol 
depended upon the provision of auxiliary evidence such as (1) the similarly 
low yield obtained by bromination of pure cholesterol, (2) the iodine number 
and rate and intensity of color development with the Schoenheimer-Sperry 
reagent (1, 2), and (3) the infrared spectrum of the mixed acetates (1), which 
resembled closely that of authentic cholesterol acetate. These observations 
led to the conclusion that large amounts of unsaturated sterols other than 
cholesterol were absent. 
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EXPERIMENTAL 


Thirty grams of the fats obtained by extraction of 2 kgm. of ascaris muscle 
and reproductive tissue (representing 2.6 kgm. of adult female parasites) was 
shaken vigorously with five volumes of ethanol (twice), after which the clear 
solution was treated with 1% digitonin in ethanol. The sterol digitonides so 
obtained were washed twice by centrifugation with ethanol-ether (1:2) and 
three times with ether, dried, decomposed in a minimum volume of dry 
pyridine at 70°, and the free digitonin precipitated by addition of 10 volumes 
of dry, ethanol-free ether. The supernatant solution contained 260 mgm. of 
mixed sterols which were recrystallized once from 80% methanol (m.p. 123- 
124°). Bromination of 216 mgm. of this product provided 67 mgm. of sterol 
bromide (29% yield, calculated as cholesterol dibromide and including the 
necessary correction for saturated sterol content) which was recrystallized 
twice from ether and glacial acetic acid (1:3). Authentic cholesterol dibromide 
was prepared by the same procedure (yield, 31%). M.p. cholesterol dibromide 
115.5-116°, ascaris sterol bromide 115-116°, mixed m.p. 115-116°; identical 
infrared spectra. 

¥he mother liquor obtained from the bromination of ascaris sterols was 
treated with digitonin to remove saturated (unbrominated) sterol. From the 
resulting digitonide 54 mgm. of saturated sterol was recovered (iodine number, 
2; m.p. 131-132°). 
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PREPARATION OF TRIBUTYL ANTIMONITE 
By L. J. CARBONNEAU AND D. C. DOWNING 


There is only one reference in the literature to a direct preparation of 
antimony esters (2). In it, antimony trioxide was reacted with the corres- 
ponding alcohol, under water-removing conditions. 

We attempted to carry out this preparation with butanol, without success. 
It was then found that the ester could be readily prepared, in high (86%) 
yield, by reacting butanol and antimony trichloride. 

Into a 500 ml. three-necked flask, equipped with a mechanical stirrer, reflux 
condenser, thermometer, and provision for solid addition, was weighed 74.1 gm. 
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(1.0 mole, Shaw. Chem. dried) n-butanol. With continuous stirring, 76.0 gm. 
(0.33 mole, Mallinckrodt A.R.) antimony trichloride was added over a 0.5 hr. 
period. The temperature rose from 26-30° C. No cooling was used. Stirring 
was continued for an additional 0.5 hr. Ammonia gas was then bubbled through 
the stirred mixture until no more gas was absorbed (excess ammonia coming 
through), using external cooling to keep the reaction below 25° C. During 
precipitation of ammonium chloride, 250 ml. of isoheptane was added to thin 
the mixture. The mixture was filtered on a Biichner funnel, and the precipitate 
washed with 5X50 ml. of isoheptane. 

The filtrate was distilled without a column at 200 mm. up to a pot tempera- 
ture of 140° C., to remove isoheptane and unreacted butanol. The pressure 
was then reduced to 5.5 mm. and the fraction boiling at 139-141° C., collected, 
97.0 gm. (86% of theory), 2° = 1.4792. The previously reported boiling point 
is 1388.5-139.5° C. at 5.5 mm. (1). 


1. ArBuzov, B. A. and VinoGrapova, V.S. Chem. Abstr. 46: 7995. 1952. 
2. MacKey, J. F. J. Chem. Soc. 95: 604. 1909. 
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THE CRYSTAL STRUCTURE OF DES-(OXYMETHYLENE)-LYCOCTONINE 
HYDRIODIDE MONOHYDRATE* 


By Maria PRZYBYLSKA AND LEO MARION 


Des-(oxymethylene)-lycoctonine hydriodide monohydrate, C24H390.N.HI.- 
H,O, (1) crystallizes from a mixture of methanol and acetone in colorless, 
fine, monoclinic sphenoidal prisms, elongated along [010]. There are two 
optically active molecules per unit cell and since the only reflections absent 
are ORO with k odd, the space group is P2,. The unit cell dimensions are 


a = 12.79A, 
b= 9.44A, 
c = 11.00A, 
B = 97°45’. 


Three-dimensional data were obtained from Weissenberg photographs and 
the number of reflections observed amounted to 68% of those theoretically 
possible. The x and z co-ordinates of the iodine atom were derived from a 
Patterson projection on (010). 

A three-dimensional Fourier synthesis was carried out using the phases 
based on the iodine contributions only. By placing the iodine atom at y=0.250 
the elements of symmetry of space group P2;/m were introduced and the 
Fourier pattern showed in addition to real atoms at x, y, z, and —x, 3+y, 
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—z, unreal peaks at —x, —y, —z, and x, }—y, z. The interpretation of these 


results gave for its free base (des-(oxymethylene)-lycoctonine) the structure 
represented by the schematic drawing and by the photograph of the molecular 
model. 


coy? 


. 












OCH 








Fic. 1. The stereochemical configuration of des-(oxymethylene)-lycoctonine. 


A hOl difference synthesis using (F)— F,) as coefficients was then computed, 
the structure-factor calculations having been based on f values for carbon and 
iodine only. The pattern obtained indicated clearly all six oxygen atoms of 
the molecule and the oxygen atom of water of crystallization. Thus the ethyl 
group was identified and since it has been chemically proved to be attached 
to the nitrogen atom (2), the latter was indirectly located. No other chemical 
assumptions were made in this investigation. 
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The atomic parameters were subsequently refined by Fourier and (Fy— F,) 
projections along the three axes of the unit cell and the reliability index, 
defined as R = 3||Fy|—|F,|| + =|Fo|, is now about 0.20 for each of these 
zones. 

This work will be published in fuller detail at a later date in a different 
journal. 

Grateful acknowledgment is made to Dr. W. H. Barnes for the use of the 
equipment in his laboratory and to Dr. O. E. Edwards for his interest and for 
the pure, chemically analyzed sample of the salt. Thanks are also due to Miss 
I. Ourom for her part in carrying out the computations. 
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